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REPORT ON THE 


DEPOSIT-SAMPLES 


COLLECTED DURING THE 


“MICHAEL SARS” NORTH ATLANTIC DEEP-SEA EXPEDITION 1910 


PREPARED UNDER THE SUPERINTENDENCE OF 


THE LATE SIR JOHN MURRAY, K. C. B., 


BY 


+ JAMES CHUMLEY, F.R.S. G.S. 
SECRETARY IN THE CHALLENGER OFFICE, EDINBURGH 
NOW ASSISTANT TO THE PROFESSOR OF ZOOLOGY 

IN THE UNIVERSITY OF GLASGOW. 


(ES deposit-samples and rock specimens brought home 

by the ‘Michael Sars” were received in the Chal- 
lenger Office shortly after the return of the expedition, 
and upon examination the rock specimens proved to be 
so numerous and to offer so many points of interest that 
Dr. B. N. Peach, F. R.S., was requested to report upon 
them. A brief note on his results appeared in “The 
Depths of the Ocean” (London, Macmillan, 1912), pp. 202 
—209, and his detailed report was published in the 
Proc. Roy. Soc. Edin., vol. XXXII, pp. 262—291, 1912. 


When I met Dr. Hjort in London in May 1914 he 
desired me to prepare, for publication in the series of 
Reports on the scientific Results of the “Michael Sars” 
North Atlantic Expedition, descriptions of the deposit- 
samples, ' including for each station a brief summary of 
Dr. Peach’s observations on the rock-specimens obtained. 
The accompanying Report shows that the ‘Michael Sars” 
expedition has made a notable contribution to our know- 
ledge regarding the materials covering the floor of the 
North Atlantic Ocean. 


DETAILED DESCRIPTIONS OF THE “MICHAEL SARS” DEPOSIT-SAMPLES. 

Square brackets [] are used to indicate percentages arrived at by inspection; 

parentheses () are used to indicate percentages which are the result of chemical 
analysis. 


“Michael Sars” Station 1. 9th April, 1910. 
Lat. 49° 27’ N., Long. 8° 36’ W.; Depth—157 m. (86 fms.) 
BLUE MUD: greenish-grey when wet, light grey with 
greenish tinge when dry, slightly coherent. 
CALCIUM CARBONATE [40 per cent.]:—one or two 
small pelagic Foraminifera, bottom-living Fora- 
minifera, Mollusc fragments, Echinoid shell frag- 
ments and spines, Polyzoa, Crustacean claw 
fragments, Ostracods, coccoliths. - 
RESIDUE [60 per cent.], green:— 
Siliceous Organisms [3 per cent.]; 
spicules, Radiolaria, Diatoms. 
Minerals [25 per cent.]; m.di. 0-14 mm., roun- 
ded, quartz, felspar, mica, a few glauconitic 
grains. 
Fine Washings [32 per cent.]; amorphous 
clayey matter with minute mineral particles. 


Sponge 


“Michael Sars” Station 4. 10th April, 1910. 
Lat. 49° 27' N., Long. 8° 36’ W.; Depth—1000 m. (547 fms.). 
GLOBIGERINA OOZE: dirty grey when wet, light grey 
when dry, coherent, granular; not typical be- 
cause of the abundance and variety of bottom- 
living Foraminifera. 

CALCIUM CARBONATE [70 per cent.]:—Pelagic Fora- 
minifera [40 per cent.]: Orbulina, Globigerina, 
Pulvinulina mostly of small size; bottom- 
living Foraminifera [25 per cent.]: Biloculina, 
Uvigerina very abundant, Miliolina, Rotalia, 
etc.; other organisms [5 per cent.]: Pteropod 
fragments, Echinoid shell fragments and spines, 
Gasteropod and Lamellibranch fragments, 
Ostracods, coccoliths, one or two coccospheres. 

RESIDUE [30 per cent.], brown :— 

Siliceous Organisms [3 per cent.]; arenaceous 
Foraminifera (abundant), Radiolaria, one or 
two Diatoms, imperfect casts. 

Minerals [15 per cent.]; m.di. 0-12 mm., mostly 
rounded, quartz, mica, magnetite, felspar. 

Fine Washings {12 per cent.]; amorphous clayey 
matter with minute mineral particles. 

From this station Dr. Peach records a piece of coal 

briquette, three clinker fragments, and small piece of coal, 
all evidently fallen overboard from ships. 


»Michael Sars* Station 10. 19th to 21st April, 1910. 
Lat. 45° 26’ N., Long. 9° 20' W. (Bay of Biscay); Depth—4700 m. 
(2567 fms.). 
GLOBIGERINA OOZE: 
coherent. 


CALCIUM CARBONATE (66-11 per cent.):—Pelagic and 
bottom-living Foraminifera, Echinoid spines, 
Ostracods, Pteropod fragments, one or two 
coccospheres, many coccoliths. 

RESIDUE (33.89 per cent.):— 

Siliceous Organisms [1 per cent.]; arenaceous 
Foraminifera, Radiolaria, Diatoms. 

Minerals {1 per cent.]; angular and rounded, 
m.di. 0.12 mm., quartz, acid plagioclase, 
hornblende, olivine, magnetite, biotite, a frag- 
mentof volcanic glass with minute micro- 
liths, fragments of rocks about 1 mm. in 
diameter, a decomposed ferruginous mineral. 

Fine Washings [31.89 per cent.]; amorphous 
clayey matter with minute particles of minerals. 


fawn colour, finely granular, 


Note: The sounding-tube at this station sank into 
the deposit to the depth of 12 cm. or nearly 5 inches. 
The upper portion of the sample to the depth of about 
3 inches was of a uniform fawn colour and represented 
apparently an ordinary Globigerina Ooze with 66 per 
cent. of calcium carbonate, whereas the lower one or two 
inches had a mottled appearance with light and dark 
brown patches, being here and there almost pure white 
in colour and quite chalky. A rough attempt to analyse 
a little of the white material gave 70 per cent. of calcium 
carbonate, but the white material could not be separated 
from a certain proportion of the brown material. A 
sufficient quantity of the dark brown material was separated 
and gave on analysis 33 per cent. of calcium carbonate. 
Apart from these variations in the amount of calcium 
carbonate, microscopic analysis showed very little difference 
between the differently coloured portions of the sample. 
The detailed description above, therefore, deals only with 
the upper homogeneous portion of the roll from the 
sounding-tube. In addition to the material from the 
sounding-tube the trawl brought up a large bag full of 
Globigerina Ooze like the upper portion of the roll already 
described. From this source small pebbles were washed out, 
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From this station Dr. Peach records more than three 
hundred rock specimens, mostly glaciated, varying from 
1g to over 2 inches in greatest diameter, together with 
eighty pieces of clinkers, cinders and coal. The sedi- 
mentary rocks include greywacke, grit, limestone, shale 
and chalk; the metamorphic rocks include gneiss and 
schist; and among igneous rocks there are granite, diorite, 
gabbro, quartz-syenite, dolerite, and basalt. 


“Michael Sars“ Station 19. 2nd May, 1910. 
Lat. 36° 5’ N., Long 4° 42’ W. (Mediterranean Sea); Depth—1000 m. 
(547 fms.). 
BLUE MUD: greenish-grey, coherent, fine-grained, lustrous 
streak. 
CALCIUM CARBONATE (16-9 per cent.):—pelagic and 
bottom-living Foraminifera. 
RESIDUE (83.1 per cent.):— 
Siliceous Organisms [1 
spicules. 
Minerals [3 per cent.]; mostly angular, m. di. 
0:08 mm., quartz, orthoclase, decomposed 
glass. 
Fine Washings [79-1 per cent.J]; clayey matter 
with minute mineral particles. 


per cent.]; Sponge 


Note: A section about 4 inches in length, of uni- 
form appearance throughout, came up in the sounding- 
tube (lead tube, Iversen’s patent). 


“Michael Sars“ Station 20. Sth May, 1910. 
Lat. 35° 25’ N., Long. 6° 25’ W. (Straits of Gibraltar) ; Depth—153 m. 
(84 fms.). 

BLUE MUD: brownish-grey, granular, coherent, with 
large fragments of Mollusc shells embedded in 
the deposit. 

CALCIUM CARBONATE (33-06 per cent.):—pelagic and bot- 
tom-living Foraminifera, Echinoid shell frag- 
ments and spines, Mollusc fragments, Ostracods, 
one or two coccoliths, one or two Pteropod 
fragments. 

RESIDUE: (66-94 per cent.):— 

Siliceous Organisms {1 per cent.]; Radiolaria, 
Sponge spicules, glauconitic casts. 

Minerals [50 per cent.]; angular and rounded, 
m. di. 0-12 mm., principally quartz, with a 
few grains of glauconite, decomposed fels- 
par and a ferruginous mineral; mica. 

Fine Washings [15-94 per cent.]; clayey matter 
with minute mineral particles. 

Note: The material examined was obtained by the 
trawl, but was quite coherent and showed no signs of 
having been washed in any way. It was therefore taken 
to represent the deposit at the bottom, 


“Michal Sars* Station 21. 5th May, 1910. 
Lat. 35° 31’ N., Long. 6° 35' W; Depth—535 m. (293 fms.). 


BLUE MUD: brownish, extremely coherent and clayey, 
lustrous streak. 

CALCIUM CARBONATE (27-24 per cent.):—pelagic and 
bottom-living Foraminifera, fragments of Ptero- 
pods, Gasteropods and Lamellibranchs, Echi- 
noid spines, Ostracods, and a very few coccoliths 
and rhabdoliths. 

RESIDUE (72-76 per cent.) :— 

Siliceous Organisms {1 per cent.]; fragments of 
arenaceous Foraminifera. 

Minerals [3 per cent.]; rounded and angular, 
m. di. 0-08 mm., quartz, orthoclase. 

Fine Washings [68-76 per cent.]; mostly very 
minute mineral particles with amorphous 
clayey matter. 


Note: The material here described was obtained 
by the trawl A few shells of Dentalium and _ other 
Molluscs were visible here and there, embedded in the 
clayey matrix. The mineral particles exceeding 0.05 mm. 
in diameter are few in number. 


“Michael Sars“ Station 23. 5th-6th May, 1910. 
Lat. 35° 32' N., Long. 7° 7’ W.; Depth—1215 m. (664 fms.). 


At this station apparently no sounding was taken, 
but the Petersen net was sent down with 1500 metres 
(820 fathoms) of line and hauled throughout the night 
between the 5th and 6th of May. When hauled up it 
was found to contain a very large amount of empty 
Pteropod shells, the principal species being Hyalea inflexa, 
with here and there Cleodora pyramidata and other 
species of Pteropods, Lamellibranch shells, arenaceous and 
other bottom-living Foraminifera, Sponge spicules and 
Worm tubes. 

From this station Dr. Peach records two pieces of 
clinker, the larger, over six inches in length, having a 
simple coral attached, and from Station 24, 1615 metres 
(883 fathoms), three pieces of clinker having siliceous 
Sponges, Serpulae, and Brachiopods attached. 
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“Michael Sars“ Station 25 A. 7th May, 1910. 
Lat. 35° 36’ N., Long. 8° 25’ W.; Depth—2300 m. (1256 fms.). 


GLOBIGERINA OOZE: 
coherent. 
CALCIUM CARBONATE (50.73 per cent.):—pelagic and 

bottom-living Foraminifera, Ostracods, Pteropod 

fragments, coccoliths, one or two rhabdoliths. 
RESIDUE (49.27 per cent.):— 

Siliceous Organisms [1 per cent.]; Sponge 
spicules, small fragments of arenaceous 
Foraminifera. 

Minerals {1 per cent.]; angular and rounded, 
m. di. 0.07 mm., quartz, plagioclase, volcanic 
glass, mica. 

Fine Washings [47.27 per cent.]; clayey matter 
with minute mineral particles. 


fawn colour, finely granular, 


Note: A section of deposit about 2/2 inches in 
length of uniform appearance throughout came up in the 
sounding-tube. 


“Michael Sars“ Stalion 25B. 8th May, 1910. 
Lat. 35° 46’ N., Long. 8 16’ W.; Depth—2055 m. (1122 fms.). 


GLOBIGERINA OOZE: 
coherent. 
CALCIUM CARBONATE (40-73 per cent.):—pelagic and 
bottom-living Foraminifera, Echinoid spines, 
Pteropod fragments, coccoliths, one or two 

rhabdoliths. 
RESIDUE (59-27 per cent.) :— 
Siliceous Organisms {1 per cent.]; Sponge spicu- 
les, fragments of arewaceous Foraminifera. 
Minerals [1 per cent.]; angular and rounded, 
m. di. 0.07 mm., quartz, decomposed glass, 
decomposed ferruginous mineral, plagioclase, 
magnetite (?). 

Fine Washings [57-27 per cent.]; clayey matter 
with minute mineral particles. 


fawn colour, finely granular, 


Note: A section of deposit about 21/4 inches in 
length of uniform appearance throughout came up in the 
sounding-tube. The trawl brought up a large bag of 
material, which upon examination did not differ from the 
sample described from the sounding-tube, an analysis 
giving 37-05 per cent. of calcium carbonate. 

From this station Dr. Peach records four large spec- 
imens of Balanus porcatus, and the two valves of an 
American oyster evidently thrown overboard from an 
Atlantic liner. 


“Michael Sars“ Station 34. 13th-14th May, 1910. 
Lat. 28° 52’ N., Long. 14° 16’ W.; Depth — 2170 m. (1185 fms.). 
PTEROPOD OOZE: fawn coloured, coherent. 
CALCIUM CARBONATE (71-48 per cent.):— pelagic and 
bottom-living Foraminifera, Pteropods, Hetero- 
‘pods, and fragments of other Molluscs, Ostra- 
cods, Tunicate spicules, coccoliths and rhabdo- 
liths. 
RESIDUE (28-52 per cent.):— 
Siliceous Organisms [3 per cent.]; Sponge 
spicules, arenaceous Foraminifera, Diatoms, 
Radiolaria, imperfect casts. 
Minerals {10 per cent.]; angular, m. di. 0-11 
mm., principally brown volcanic glass, some 
pieces vesicular, others with a minute cor- 
ded structure showing slightly birefringent 
fibres; quartz, orthoclase, plagioclase, augite, 
hematite, magnetite, mica, and a doubtful 
green mineral. 
Fine Washings {15-52 per cent.]; amorphous 
clayey matter, with small mineral particles. 
Note: The sounding-tube brought up a roll about 
11 inches in length, which appeared fairly uniform through- 
out, having the usual fawn colour characteristic of a 
Globigerina or Pteropod Ooze; the Pteropods could be 
quite plainly seen at the upper end. About the middle 
of the roll, i. e. about 6 inches below the upper surface, 
dark patches were visible which upon examination pro- 
ved to contain a large proportion of volcanic glass quite 
fresh and unaltered, as though the products of a volcanic 
eruption (probably submarine, since the glassy frag- 
ments show no trace of friction but are perfectly angular) 
had been overlain by new material to the depth of about 
6 inches. 


“Michael Sars“ Station 35. 18th-19th May, 1910. 
Lat. 27° 27’ N., Long. 14° 52’ W.; Depth—2603 m. (1422 fms.). 
GLOBIGERINA OOZE: fawn coloured, finely granular, 
coherent. 
CALCIUM CARBONATE (52:08 per cent.):— pelagic and 
bottom-living Foraminifera, Pteropod fragments, 
coccoliths and rhabdoliths. 
RESIDUE (47-92 per cent.):— 
Siliceous Organisms {I 
spicules. 

Minerals [3 per cent.]; angular and rounded, 
m. di. 0-07 mm., quartz, mica. 

Fine Washings {43-92 per cent.]; amorphous 
clayey matter with small mineral particles. 

Note: The material from the sounding-tube formed 

a roll about 7 inches in length, and in certain parts 
Pteropod fragments were visible to the naked eye. 


per cent.]; Sponge 
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“Michael Sars“ Station 37. 20th May, 1910. 
Lat. 26° 6’ N., Long. 14° 33’ W.; Depth — 47 m. (26 fms.). 
This sample consists of a portion of the “arming” 
from the sounding-lead, in which are embedded Mollusc 
shells and fragments, arenaceous and other bottom-living 
Foraminifera, and mineral particles. 


“Michael Sars“ Station 37. 20th May, 1910. 
Lat. 26° 6’ N., Long. 14° 33’ W.; Depth — 42 m. (23 fms.). 
This sample consists of a portion of the “arming” 
of the*lead, in which are embedded Mollusc shells and 
their fragments, otoliths of Fishes, bottom-living Foram- 
inifera, Bryozoa, Echinoid spines, mineral particles, etc. 


“Michael Sars“ Station 41. 23rd May, 1910. 
Lat. 28° 8' N., Long 13° 35’ W.; Depth — 1365 m. (746 fms.). 
GLOBIGERINA OOZE: fawn colour, coherent. 

CALCIUM CARBONATE (57-02 per cent.):—pelagic and 
bottom-living Foraminifera, Echinoid spines, 
coccoliths, rhabdoliths. 

RESIDUE (42-98 per cent).:— 

Siliceous Organisms [1 per cent.]; arenaceous 
Foraminifera and fragments, Sponge spicules. 

Minerals {1 per cent.]; only one or two quartz 
grains exceeding 0-05 mm. in diameter were 
observed. 

Fine Washings [40-98 per cent.]; clayey matter 
with many minute mineral particles. 


“Michael Sars‘ Station 47. 30th May, 1910. 
Lat. 29° 2’ N., Long. 22° 53’ W.; Depth —5160 m. (2817 fms.). 


GLOBIGERINA OOZE: fawn coloured, finely granular, 
coherent. 

CALCIUM CARBONATE (60-99 per cent.):—pelagic and 
bottom-living Foraminifera, Echinoid spines, 
coccoliths, rhabdoliths. 

RESIDUE (39-01 per cent.):— 

Siliceous Organisms [1 per cent.]; 
spicules, fragments of Radiolaria. 

Minerals [2 per cent.]; mostly angular, m. di. 
0:07 mm., quartz, mica. 

Fine Washings [36-01 per cent.]; amorphous 
clayey matter with small mineral particles. 


Sponge 


Note: The sounding-tube brought up a roll about 
13 inches in length of uniform appearance throughout. 


»Michael Sars‘ Station 48. 31st May, 1910. 
Lat. 28° 54’ N., Long. 24° 14’ W.; Depth — not stated. 


The only material received is an earbone of a whale, 
much corroded, the traces of deposit adhering to it 
indicating apparently a Globigerina Ooze. Unlike nearly 
all the earbones dredged by the ,,Challenger“, no trace 
of manganese could be seen on this one. 

From this station Dr. Peach records two chips of 
chalk-flint, a small fragment of epidiorite or hornblende 
schist, ice-moulded and coated with manganese peroxide, 
four fragments of decomposed basalt, and over sixty 
rounded fragments of pumice. 


“Michael Sars“ Station 49C. Ist-2nd June, 1910. 
Lat. 29° 7’ N., Long. 25° 32’ W.; Depth — 5425 m. (2966 fms.). 


GLOBIGERINA OOZE: fawn coloured, finely granular, 
coherent. 

CALCIUM CARBONATE (64-31 per cent.):—pelagic and 
bottom-living Foraminifera, Echinoid spines, 
Ostracods, coccoliths and rhabdoliths. 

RESIDUE (35-69 per cent.):— 

Siliceous Organisms [less than 1 per cent.]; 
only one or two broken Sponge spicules were 
observed during the examination of the 
material. 

Minerals {less than 1 per cent.]; only one or 
two mineral particles exceeding 0-05 mm. 
in diameter could be detected — apparently 
all quartz. 

Fine Washings [33-69 per cent.]; amorphous 
clayey matter with minute mineral particles. 


Note: The sounding-tube had sunk deeply into the 
deposit and brought up a section about 14 inches in 
length. As frequently happens when such a long section 
is brought up, traces of stratification were distinctly visible, 
more especially towards the upper end, although the lower 
end presents quite a mottled appearance with patches of 
lighter and darker brown. Towards the upper end small 
patches were observed of a dark brown colour, which 
upon examination proved to be Red Clay, a small portion 
analysed giving only 25-08 per cent. of calcium carbonate. 
This Red Clay, however, forms but an insignificant pro- 
portion of the total sample, the deposit being in reality 
a Globigerina Ooze as in the detailed description, which 
is based upon material taken from the middle of the 
section. This sounding, the deepest cast made during 
the cruise, suggests the proximity of an unknown “deep‘, 
or an extension southwards of the Monaco Deep. 


ATLANT. DEEP-SEA EXPED. 1910 VOL. I] 


DEPOSIT-SAMPLES 7 


“Michael Sars“ Station 51. 5th-6th June, 1910, 
Lat. 31° 20’ N., Long. 35° 7’ W.; Depth —- 3886 m. (2121 fms.). 
GLOBIGERINA OOZE: light fawn or cream coloured, 
granular. 


CALCIUM CARBONATE (87-58 per cent.):— pelagic and 
bottom-living Foraminifera, Echinoid spines, 
coccoliths, rhabdoliths, primordial cells of 
Foraminifera. 

RESIDUE (12-42 per cent.) :— 

Siliceous Organisms {less than 1 per cent.]; 
one or two splinters of Sponge spicules. 

Minerals {less than 1 per cent.J; only one or 
two mineral particles exceeding 0-05 mm. 
in diameter could be detected, apparently 
all quartz. 

Fine Washings [10-42 per cent.]; amorphous 
clayey matter with minute mineral particles. 


Note: The sounding-tube at this Station sank deeply 


into the deposit, the outside being marked for a distance | 


of about 46 cm. (about 18 inches), but the sample recei- 
ved is about 10 cm. (4 inches) in length, and apparently 
uniform throughout. 


“Michael Sars” Station 53. 8th June, 1910. 
Lat. 34°59’ N., Long 33° 1’ W; Depth—2615 m. (1428 fms.). 
GLOBIGERINA OOZE: dirty white 
granular. 

CALCIUM CARBONATE (92-15 per cent.):—pelagic and 
bottom-living Foraminifera, Echinoid spines, 
coccoliths, rhabdoliths. , 

RESIDUE (7-85 per cent.):— 

Siliceous Organisms {2 per cent.]: Sponge spic- 
ules, Radiolaria, arenaceous Foraminifera, 
Diatoms. 


colour, coherent, 


Minerals {less than 1 per cent.]; only one or 
two colourless particles exceeding 0-05 mm. 
in diameter were observed. 

Fine Washings [4:85 per cent.]; amorphous 
clayey matter with minute mineral particles 
too small for identification. 


Note: The sounding-tube brought up a roll about 
8 inches in length of a uniform almost white colour. Marks 
were observed outside the tube for a distance of 50 cm. 
(20 inches). 


“Michael Sars” Station 54. 10th June, 1910. 
Lat. 35° 37’ N., Long. 30° 15’ W.; Depth—3185 m. (1739 fms.). 
GLOBIGERINA OOZE: 
granular. 
CALCIUM CARBONATE (84-93 per cent.):— pelagic and 
bottom-living Foraminifera, Ostracods, cocco- 
liths and rhabdoliths. 
RESIDUE (15-07 per cent.]:— 

Siliceous Organisms || per cent.]; Sponge spic- 
ules, Radiolaria, Diatoms. 

Minerals [1 per cent.]; m.di. 0-06 mm., angular, 
orthoclase (?), volcanic glass, decomposed 
ferruginous mineral. 

Fine Washings [13-07 per cent.]; amorphous 
clayey matter with minute mineral particles. 


dirty white colour, coherent, 


Note: The sounding-tube brought up a roll about 
6 inches in length of a uniform creamy white colour. 
Marks were observed outside the tube for a distance of 
54 cm. (about 21 inches). 


“Michael Sars” Station 55. 10th June, 1910. 

Lat. 36° 24’ N., Long. 29° 52’ W.; Depth—3239 m. (1768 fms.). 
GLOBIGERINA OOZE: dirty white colour, coherent, 
granular. 

CALCIUM CARBONATE (78-59 per cent.);—pelagic and 
bottom-living Foraminifera, Ostracods, cocco- 
liths and rhabdoliths. 

RESIDUE (21-41 per cent.):— 

Siliceous Organisms [2 per cent.]; Radiolaria, 
Sponge spicules. 

Minerals [4 per cent.]; m.di. 0-09 mm., one 
angular fragment of volcanic glass exceeded 
2mm, in length; quartz, plagioclase, vol- 
canic glass, augite (?), magnetite, mica. 

Fine Washings [15-41 per cent.]; amorphous 
clayey matter with minute mineral particles. 


Note: The sounding-tube brought up a roll about 
9 inches in length of a creamy white colour throughout. 
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“Michael Sars” Station 56. 10th-11th June, 1910. 
Lat. 35°53’ N., Long. 29° 47’ W.; Depth—3239 m. (1768 fms.). 


GLOBIGERINA OOZE: creamy white, granular, coherent. 
CALCIUM CARBONATE (71-25 per cent.):—pelagic and 
bottom-living Foraminifera, Echinoid spines, 
Ostracods, coccoliths, rhabdoliths. 
RESIDUE (28-75 per cent.):— 
Siliceous Organisms [2 per cent.]; Sponge spi- 
cules, Radiolaria. 
Minerals [4 per cent.]; mostly angular, m.di. 
0-09 mm., quartz and mica. 
Fine Washings [22:75 per cent.]; amorphous 
clayey matter with minute mineral particles. 
Note: The sounding-tube brought up a roll about 
9 inches in length of a creamy white colour and appa- 
rently uniform throughout. 


“Michael Sars” Station 58. 12th June, 1910. 
Lat. 37°37’ N., Long. 29° 25’ W.; Depth—1015 m. (555 fms.). 


Apparently all that came up in the sounding-tube at 
this Station were a few fragments of peroxide of man- 
ganese and of Fish otoliths, with one or two attached 
organisms (Foraminifera, etc.). 


“Michael Sars” Station 63. 22nd June, 1910. 
Lat. 36° 5’ N., Long. 43° 58’ W.; Depth—5035 m. (2749 fms.). 


GLOBIGERINA OOZE: dark fawn coloured, granular, 
slightly coherent. 

CALCIUM CARBONATE (53-16 per cent.) :—pelagic Foram- 
inifera, coccoliths, a few coccospheres and 
thabdoliths. 

RESIDUE (46-84 per cent.]:— 

Siliceous Organisms [2 per cent.]; Radiolaria, 
Sponge spicules, and fragments of arenaceous 
Foraminifera. 

Minerals [less than 1 per cent.]; only one or 
two particles exceeding 0-05 mm. in diameter 
were observed, augite, felspar (partly de- 
composed). 

Fine Washings [43-84 per cent.]; amorphous 
clayey matter with minute mineral particles. 

Note: The sounding-tube brought up a roll about 

12 inches in length. In the small portion examined no 
bottom-living Foraminifera were observed. This station 
is near the two “Challenger” stations 66 and 67, and the 
above description agrees very closely with that of “Chal- 


lenger” station 67, where coccospheres and rhabdoliths 
were not observed, but where bottom-living Foraminifera, 
Ostracod valves and Echinoid spines were recorded. 


“Michael Sars” Station 70. 30th June, 1910. 
Lat. 42°59’ N., Long. 51° 15’ W.; Depth—1100 m. (601 fms.). 


From this Station Dr. Peach records seven rock frag- 
ments, including mudstone, limestone, calcareous sandstone, 
amphibolite, dolerite, and basalt. 


“Michael Sars” Station 88. 18th July, 1910. 
Lat. 45° 26’ N., Long. 25° 45’ W.; Depth—3120 m. (1703 fms.). 


GLOBIGERINA OOZE: dirty white, slightly coherent, 
granular. 

CALCIUM CARBONATE (73-66 per cent.):—pelagic and 
bottom-living Foraminifera, Echinoid spines, 
fragments of Molluscs, coccoliths and rhabdo- 
liths. 

RESIDUE (26-34 per cent.) :— 

Siliceous Organisms [3 per cent.]; Diatoms, 
Radiolaria, Sponge spicules, fragments of 
arenaceous Foraminifera. 

Minerals [20 per cent.]; m.di. 0-15 mm., angular 
and rounded, quartz, orthoclase, mica. 

Fine Washings [3-34 per cent.]; amorphous 
clayey matter with minute mineral particles. 


Note: The sounding-tube brought up a roll about 
14 inches in length, which showed little difference to the 
naked eye, although the colour was darker in the lower 
portion, the upper portion being rather lighter in colour, 
less coherent, and more granular. The percentage of cal- 
cium carbonate given in the above description is from the 
middle portion of the section. Material from near the bot- 
tom and from near the top of the roll gave respectively 
62-1 per cent. and 83-79 per cent. of calcium carbonate. 
Here and there rock fragments are visible to the naked 
eye, the largest observed being a fragment of limestone, 
5 by 3 inches in diameter. 

From this station there are also three bags of material, 
evidently collected by the trawl, consisting principally of 
Pteropods (chiefly /yalea trispinosa) and their fragments, 
intermixed with pelagic and bottom-living Foraminifera, 
Fish otoliths, Echinoid spines, etc. In view of this large 
supply of Pteropods it is curious to note that in the small 
sample from the sounding-tube examined no Pteropods 
were observed. 

From this station Dr. Peach records some pieces of 
wood-charcoal, and four pieces of wood bored by Teredo. 
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“Michael Sars” Station 91. 22nd July, 1910. 
Lat. 47° 32’N., Long. 16° 38’ W.; Depth—4922 m. (2688 fms.). 


GLOBIGERINA OOZE: dirty white, slightly coherent, 
granular. 

CALCIUM CARBONATE (67-16 per cent.):— pelagic and 
bottom-living Foraminifera, fragments of Echi- 
noid spines, coccoliths and rhabdoliths. 

RESIDUE (32-84 per cent-):— 

Siliceous Organisms {2 per cent.]; Radiolaria, 
Diatoms, fragments of arenaceous Foramini- 
fera. 

Minerals [less than 1 per cent.]; mostly angular, 
m.di. 0-08 mm., only one or two particles 
of volcanic glass (?) observed. 

Fine Washings [29-84 per cent.]; amorphous 
clayey matter with minute fragments of 
minerals. 


Note: The sounding-tube brought up a roll about 
6 inches in length, apparently uniform throughout. 


“Michael Sars” Station 93. 25th July, 1910. 
Lat. 50° 13’ N., Long. 11° 23’ W:; Depth—1257 m. (688 fms.). 


GLOBIGERINA OOZE: grayish colour, coherent, granular. 
CALCIUM CARBONATE (53-16 per cent.):— pelagic and 
bottom-living Foraminifera, Echinoid spines, 
coccoliths and coccospheres, one or two rhab- 
doliths. 
RESIDUE (46-84 per cent.) :— 

Siliceous Organisms [1 per cent.]; Sponge spi- 
cules, Radiolaria. 

Minerals {10 per cent.]; angular and rounded, 
m.di. 0-08 mm., appear to be all quartz 
and mica. 

Fine Washing (35-84 per cent.}; amorphous 
clayey matter with minute mineral particles. 


Note: The sounding-tube brought up a roll about 
7 inches in length, apparently uniform throughout. 


“Michael Sars” Station 95. 26th July, 1910. 
Lat. 50° 22’ N., Long. 11° 44’ W.; Depth—1797 m. (981 fms.). 


GLOBIGERINA OOZE: gray, coherent. 

CALCIUM CARBONATE (63-17 per cent.):— pelagic and 
bottom-living Foraminifera, Echinoid spines, 
Ostracods, coccoliths. 

RESIDUE (36-83 per cent.) :— 

Siliceous Organisms {1 per cent.}|; Sponge spi- 
cules, Radiolaria, imperfect casts. 

Minerals [2 per cent.]; angular and rounded, 
m.di. 0-09 mm.; quartz, felspar. 

Fine Washings [33-83 per cent.]; amorphous 
clayey matter with minute mineral particles. 


Note: The sounding-tube brought up a roll about 
9 inches in length. From this station Dr. Peach records 
over two hundred rock fragments, distributed probably 
by natural agencies, as well as a large quantity of furnace- 
slag, pieces of pottery, and the cannon bone of an ox, 
probably thrown overboard from ships. Among the sedi- 
mentary rock fragments are greywacke, sandstone, shale, 
lydian-stone, quartzite, limestone, calcareous shale, chalk, 
chalk-flint, dolomite, and vein quartz; of metamiorphic 
rocks there are gneiss, schist, slate, phyllite, felsite and 
epidiorite; igneous rocks include granite, nepheline syenite, 
lamprophyre, dolerite, and basalt. 


“Michael Sars” Station 98. 5th August, 1910. 
Lat. 56° 33’ N., Long. 9° 30’ W.; Depth—1360 m. (742 fms.), 


GLOBIGERINA OOZE: darkish gray, granular, slightly 
coherent. 

CALCIUM CARBONATE (40-73 per cent.):— pelagic and 
bottom-living Foraminifera, Echinoid spines, 
coccoliths and coccospheres. 

RESIDUE (59-27 per cent.):— 

Siliceous Organisms {1 per cent.]; Sponge spic- 
ules, imperfect casts. 

Minerals [30 per cent.], mostly rounded, m.di. 
0-1 mm.; almost entirely quartz and mica, 
no other species being determinable. 

Fine Washings [28-27 per cent.]; amorphous 
clayey matter with minute mineral particles. 


Note: Only a very small sample was available from 


this Station. 


“Michael Sars” Station 100. 6th August, 1910. 
Lat. 57° 48’ N., Long. 12° 43’ W.; Depth—1530 m. (835 fms.). 
LOWER PORTION. 

BLUE MUD: gray with a tinge of brown, clayey, coherent, 
contains macroscopic rock fragments and Mol- 
lusc shells. 

CALCIUM CARBONATE (26-22 per cent.):— small pelagic 
Foraminifera and a few bottom-living forms, 
Echinoid spines, Ostracods. 

RESIDUE (73-78 per cent.):— 
Siliceous Organisms {1 

spicules. 

Minerals [30 per cent.]; angular and rounded, 
m.di. 0:15 mm., the deposit includes many 
rock fragments, ranging from the merest 
splinters to a fragment about half an inch 
in diameter, quartz, colourless glass, brown 
glass, plagioclase, decomposed ferruginous 
mineral, tourmaline, biotite. 

Fine Washings [42-78 per cent.]; amorphous 
clayey matter with minute mineral particles. 


per cent.]; Sponge 
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UPPER PORTION. 
GLOBIGERINA OOZE: gray, a little lighter in colour than 
the lower portion, slightly coherent, granular. 
CALCIUM CARBONATE (58-14 per cent.):— small pelagic 

Foraminifera and a few bottom-living forms, 

Echinoid spines, Ostracods, coccoliths and a 

few coccospheres. 

RESIDUE (41-86 per cent.):— 

Siliceous Organisms {1 per cent.]; Sponge spi- 
cules, imperfect casts. 

Minerals {30 per cent.]; more variable in size and 
generally more rounded and larger than those 
in the lower portion, quartz tinged red, quartz 
with green choloritic tinge, minute fragments 
of black and red slaggy lava, decomposed 
ferruginous mineral, volcanic giass, tourma- 
line, magnetite, biotite, chalcedony, purple- 
brown augite, orthoclase; a doubtful grain 
of glauconite observed. 

Fine Washings {10-86 per cent.]; amorphous 
clayey matter with minute mineral particles. 


Note: The material from the sounding-tube formed 
a section about 9 inches long, and was interesting be- 
cause of the difference between the upper and lower 
portions. No very distinct separation-line could be ob- 
served, but the upper portion to the extent of three or 
four inches was decidedly more granular and less coherent, 
and contained a much higher percentage of calcium car- 
bonate than the lower portion. Rock fragments were 
scattered throughout the whole length of the section, and 
the proportion of mineral particles exceeding 0-05 mm, in 
diameter seemed much the same throughout. It thus 
appears that at this place there is a Blue Mud containing 
only 26 per cent. of calcium carbonate overlain to the 
depth of three or four inches by a Globigerina Ooze 
containing 58 per cent. of calcium carbonate. It is inter- 
esting to note also that numerous coccoliths and a few 
coccospheres were observed in the upper portion, but 
could not be recognised after continued search in the lower 
portion. The smaller amount of calcium carbonate in the 
lower portion is apparently balanced by a proportionately 
larger amount of amorphous clayey matter. 


“Michael Sars” Station 101. 6th-7th August, 1910. 
Lat. 57° 41’ N., Long. 11°48’ W.; Depth—1853 m. (1013 fms.). 


From this station Dr. Peach records a fragment of 
flaggy sandstone, four inches in length. 


“Michael Sars” Station 102. 9th-10th August, 1910. 
Lat. 60°57’ N., Long. 4° 38’ W.; Depth—1098 m. (600 fms.). 


BLUE MUD: dark gray with tinge of brown, coherent. 
CALCIUM CARBONATE (10-07 per cent.):— small pelagic 
Foraminifera, bottom-living Foraminifera, frag- 
ments of Mollusc shells and of Echinoid spines. 
RESIDUE (89-93 per cent.) :— 

Siliceous Organisms {1 per cent.]; fragments of 
arenaceous Foraminifera, Diatoms, glaucon- 
itic casts. 

Minerals [60 per cent.]; angular and rounded, 
m.di. 0-2 mm., fragments of rocks, (granite, 
sandstone, schist, limestone, etc., the largest 
half an inch in diameter), quartz, felspar, 
mica, magnetite, volcanic glass. 

Fine Washings [28-93 per cent.]; amorphous 
clayey matter with many minute mineral 
particles. 


“Michael Sars” Station 102. 9th-10th August, 1910. 
Lat. 60° 57’ N., Long. 4° 38’ W.; Depth—1500 m. (820 fms.). 


The material from this station consists of a rock 
fragment about 11/2 by 1 inch, (to which arenaceous Fora- 
minifera and Sponges are attached) and a few smaller 
fragments. 


“Michael Sars” Station 114. 12th-13th August, 1910. 
Lat. 61° 8’ N., Long. 3° 16’ W.; Depth—1047 m. (571 fms.). 


BLUE MUD: dark gray with tinge of brown, coherent. 
CALCIUM CARBONATE (11-2 per cent.):— pelagic and 
bottom-living Foraminifera, coccoliths, one or 
two coccospheres. 
RESIDUE (88-8 per cent.):— 
Siliceous Organisms |\ per cent.]; Sponge spic- 
ules, Diatoms, arenaceous Foraminifera. 
Minerals [30 per cent.}; angular and rounded, 
m.di. 0-2 mm.; mostly quartz, decomposed 
felspar, decomposed ferruginous mineral, 
hornblende, mica. 
Fine Washings [57-8 per cent.|]; amorphous 
clayey matter with minute mineral particles. 


Note: Only a small amount of material was avail- 
able from this Station, consisting of a pellet of the mud 
with numerous rock fragments, on one of which (a frag- 
ment of banded sandstone, three-quarters of an inch in 
diameter) an arenaceous Foraminifer was growing. 
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CONCLUSIONS. 


The number of deposit-samples received in the Chal- 
lenger Office was 35. In one case the depth from which 
the material (an earbone of a whale) was taken was not 
stated, but the remaining 34 samples were from depths 
between 23 and 2966 fathoms, distributed as follows: — 

5 samples from depths less than 500 fathoms; 
13 - . » between 500 and 1000 fathoms; 


10 5 . “ y 1000 , 2000 fathoms; 
3 e x e over 2000 fathoms. 
34 


Of the five samples from depths less than 500 
fathoms the two shallowest ones (from 23 and 26 fathoms) 
were tallow “armings” from the sounding lead, in which 
principally calcareous shell-fragments were embedded, the 
other three being Blue Muds from 84, 86 and 293 
fathoms. 

Of the thirteen samples from depths between 500 and 
1000 fathoms four were insufficient to determine the type 
of deposit (in two cases stones and rock fragments being 
brought up from 601 and 820 fathoms, in one case empty 
Pteropod shells coming up from 664 fathoms, and in one 
case grains of manganese and ffsh otoliths from 555 
fathoms), five were Globigerina Oozes from 547, 688, 
742, 746 and 981 fathoms, one was Globigerina Ooze 
overlying Blue Mud from 835 fathoms, and three were 
Blue Muds from 547, 571 and 600 fathoms. 

Of the ten samples from depths between 1000 and 
2000 fathoms eight were Globigerina Oozes from 1122, 
1256, 1422, 1423, 1703, 1739, 1768 and 1768 fathoms, 
one was a Pteropod Ooze from 1185 fathoms, and in 
the remaining case only stones were brought up from 
1013 fathoms. 

The six samples from depths exceeding 2000 fathoms 
were Globigerina Oozes from 2121, 2567, 2688, 2749, 
2817 and 2966 fathoms. 

Of the thirty-five samples eight were insufficient to 
indicate the deposit type (in three cases stones and rock 
fragments, in two cases tallow ,armings“, in one case 


empty Pteropod shells, in one case the earbone of a 
whale, and in one case fish otoliths with manganese grains, 
being all that was available), the remaining twenty-seven 
being referred to the following types:— 


Globigerina Ooze 
Globigerina Ooze overlying 


Bite MGA tan. cee ] 
Blue Mud 2st. oe eee 6 
Pteropod Ooze.......... Pe rcs 1 

27 


The nineteen Globigerina Oozes range in depth from 
547 to 2966 fathoms and are scattered over the North 
Atlantic as far west as long. 44° W., occurring to the 
north and south-west of Ireland and out into the open 
ocean, in the Bay of Biscay, opposite the Straits of Gi- 
braltar, in the vicinity of the Canary Islands, between 
the Canary Islands and the Azores, and to the south 
and west of the Azores. The Globigerina Ooze overlying 
Blue Mud occurred to the north of the Rockall Bank in 
835 fathoms. 

The six Blue Muds range in depth from 84 to 600 
fathoms and occur in the Faroe Channel, to the south 
of Ireland, in and on both sides of the Straits of Gibraltar, 
that is to say both inside and outside of the Mediter- 
ranean. The single Pteropod Ooze was taken from 1185 
fathoms near the Canary Islands. 

The modifications necessitated by the inclusion of 
this series of deposits in the map showing the distribution 
of deep-sea deposits over the floor of the North Atlantic 


are: (1) the extension of the Globigerina Ooze area 
nearer the coasts of the British Islands to the south and 
south-west, as well as to the north, oj Ireland, and its 


extension also to the north of Rockall Bank; (2) the intro- 
duction of both Globigerina Ooze and Pteropod Ooze in 
the neigbourhood of the Canary Islands where they were 
previously unrecorded. 
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An interesting point in connection with the “Michael 
Sars” deposits is the number of instances where the 
sounding-tube had plunged deeply into the sediment, 
bringing up sections varying from two to fourteen inches 
in length, though in some cases marks observed on the 
outside of the sounding-tube indicated that it had pene- 
trated still further into the deposit. Though in most cases 
the material was apparently uniform throughout, some of 
these long sections gave distinct evidences of stratification. 
Thus at Station 100 Globigerina Ooze was found over- 
lying Blue Mud. The lower portion of the sample from 
Station 10 was mottled light and dark brown, the dark 
portions approaching Red Clay in composition, while the 
rest of the sample was a characteristic Globigerina Ooze. 
The upper portion of the Globigerina Ooze from Station 
49 C showed similarly patches of lighter and darker brown, 
the dark brown material proving on analysis to be a 
Red Clay with less than 30 per cent. of calcium carbo- 
nate. The middle portion of the section from Station 34 
(Pteropod Ooze) showed dark coloured patches containing 
a large proportion of volcanic glass splinters, to which 
the dark colour was due. 

Coccoliths were observed in every sample except 
one from the Mediterranean. Rhabdoliths were noticed 
in nearly half of the samples, mostly in the eastern portion 
of the North Atlantic, only two stations (51 and 63) lying 
to the west of the Azores. Similarly coccospheres were 
recognised in six samples from the eastern North Atlantic, 
and in only one sample (Station 63) to the west of the 
Azores. 

In the determination of the mineral species enume- 
rated under the heading of “Minerals” we have had the 
assistance of Dr. G. W. Lee, of the Geological Survey 
of Scotland, who remarks that on the whole we are 
dealing principally with minerals of continental origin with 
an admixture of volcanic particles, and that quartz occurs 
at the greatest depths. 

The rock-fragments brought up at Station 95, Dr. 
PEACH concludes, are not the debris of rocks in situ, but 
may be matched by rocks occurring in the west of Scot- 
land and northern and western Ireland, and have been 


transported by floating ice during the period of maximum 
glaciation. The specimen of nepheline syenite may even 
have been brought by part of the “polar pack’ since 
glacial times. More than half of the specimens are ice- 
moulded or well glaciated, and some of the glaciated 
stones have nests of boulder clay attached to them which 
must have been transported with the stones. Most of 
the stones had only about one-third (many of them even 
less) of their bulk embedded in the ooze, some of the 
more elongated specimens being embedded on end, and 
the flat specimens on edge; so that they seem to have 
been dropped upon, and to have sunk into, a flocculent 
ooze, until they reached a layer of sufficient tenacity to 
prevent further sinking, being at first totally buried and 
subsequently partially exposed as the result of current 
action. The rock specimens from Station 10, most of 
them glaciated, are identical with those from Station 95, 
and evidently derived from the same sources and distri- 
buted by the same agencies. The rock fragments from 
Station 48 appear to indicate the influence of the northern 
drift ice, although situated south of lat. 30° N. The striated 
stones from Station 70 have probably been derived from 
the Arctic regions, since this station is situated in the 
direct route of the icebergs and pack-ice brought down 
by the cold current. The sandstone from Station 101 
is like the Brenista flags of Shetland, and may have been 
transported by floating ice beyond the limit of the great 
ice-sheet. 

Referring to the association of these glaciated rock 
fragments with cinders from steamers Sir JoHN Murray, 
in a lecture delivered before the Royal Scottish Geo- 
graphical Society in Edinburgh on 11th November, 1910, 
made the following interesting remark:— “If steamers 
using coal should some day be superseded by vessels 
using some other kind of fuel, then the deposits in the 
North Atlantic would have a layer which might be called 
the coal-fuel layer. On the other hand, if the coal-cinders 
and these glaciated rock fragments are now lying together 
on the floor of the ocean, geologists may in the remote 
future find proofs in these layers that man and steamers 
existed in the glacial period.” 
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Owing to various circumstances not altogether within my own 
control, the completion of this paper has been delayed to an extent 
which I greatly regret, particularly as this has inconvenienced the 
authors of other parts of the scientific report on the “Michael Sars” 
Expedition. 

Shortly after the termination of the cruise preliminary reports were 
published on its results, including the researches in physical oceano- 
graphy. Subsequently communications on certain special geophysical 
problems were issued from time to time, either in publications or in 
the form of lectures. A good deal that is contained in this paper may 
therefore be already known to the reader. In the interval that has elaps- 
ed, however, new investigations have furnished us with observations 
which supplement the “Michael Sars” material, and other progress has 
been made which has been of value for the final working-up of the 
results. | have endeavoured to present the subject in a form adapted 
for biologists as well as geophysicists. 

I desire to express my cordial thanks to my friends and colleagues 
Dr. V. WALFRID Ekman and Dr. H. U. Sverprup for the help they have 
rendered me by subjecting parts of the manuscript to critical revision; 
and also to my assistants for their unremitting and faithful aid. 


Bjorn Helland-Hansen. 


Il. 


Ill. 


IV. 


CONTENTS 


ART 1 CrEx TE) 


Page 
ItROG (ee Olean ac aera osc ccpecieaaten Golem 3 
[epee North At amtie: OGCAM nc cic ce ecicere 1 sivaesis vis annie care 3 
2. The Cruise of the “Michael Sars’ and the Geophysical 
WOLKE OMe BOBTG ee sirosntqc cs euslelsrisi clea ceisisi gv einieletuaters s 3 
The Sea-surface and the Air ...................: 4 
pu Hes Stace: ONSCLVALIONS: «4 sny.seicaavesie sep hess nese 4 
4° (Meteorological Observations 5. i jer. cies ees se gene 4 
5. Statistical Treatment of the Observations............ 5 
G. Wie Siieue shina’ Gegahosdeec csucomteppunoec Gre 6 
ema CS TMTAGE MLC NI PRLAULL te rot sor atcisloe eusteie le ie’ «(6 (ele Ce. elarete 7 
Se ne vyAIr eM peratures: ss sss cristae oie sterile 3 
QUpbMIMIGIve AGRO: ch wsicinie cone mele cine: sas. eae 10 
LQ). (CGT ESO AS ASC <n Oe COMICS CHE Or OOD mOnOe noo 12 
11. The Interaction of the Ocean and the Atmosphere... 13 
Sub-Surface Temperatures, Salinities, and Den- 
SCTES (ds: 2 [o10) 5) Se i ee eer a 15 


Pew em peratures ODSEFVAUIONS).. .cljes cc este onto ne 15 
13. The Water-Bottles 
14. The Water-Samples and Their Treatment (Titration) .. 16 


Los abimess Depths of Observations. vice nce ne ene ce ees 16 
MOMS CAN AKCMe OPENS ine lercie cre. c(e eis «snes: Sietevavsi suwisie sieveieverevelevere 17 
ie C AT ICA le IMEeGPOLANOUS! cieicc ciel etnlaielctaleieisie ee Sisiererele ve 17 
18. Correlation between Temperature and Salinity (Salinity- 
PIOMIALY) levceetcie totais, escnierei ays)s2n1 nialscoiptalie’s «Cia\ovauniele)s(olereseis 18 
HocalmVvananonseinmn General (0. o..ssesccseess ccs 20 
19. Variations limiting the Validity of Oceanographical 
OBSENVALIOUSipetetesel wisi vein) sitve ms elasclenc/aidiersinletaiscele nisl /eve 20 
USMC CAMA MALI ADLON Seated tates erclolola: </ste\el<teialslaleiefeteielevel=seleseler<ie 20 
BUMP eriodsOSCHIANONS.... 5.2. ..casdyssnet eases: 23 
21. Observations from the North Atlantic............... 23 
22. Experiments in the Faeroe-Shetland Channel ........ 24 
23. Harmonic Analysis. Tidal Variations...............- 26 


VI. 


Page 
D4 UP itirmale VathaiOWS atcetcce ckers otsystvia rel teleiavaralatsieo"a eee a ece 29 
D5, ASEM Ditinmall MWaClatiOns) </..5,..c cls o/aisiete <f6iatelela slaveran’s nim 30 
26. The Ratio between the Diurnal and Semi-Diurnal Varia- 
tions, The) Combined) Wartablorisin secs clsier<:cie'e x ers tata 31 
OTe Wie) ReSICUa li VATiAtLONS) a2 \a.cin aici picteisive/ ate. cty sterel strate ar 34 
DBr AGCAUSES OL Whee VATIATLONS! acre ccletel es ales wrere sia sieteisists 36 
The DMemperattiressinsthe Seale... yee... seer 40 
29 Gain. Andi Oss ON Plead ates wc chvente ses wie hisle tants meen 40 
30! -Absorptionvon eat inl Ue SGA) cis vw oie ley ele miateiertes 41 
Sia Condiictionnoalymeat. =..1s men os setae winte <eleteleisteistepacte 43 
Bo. USeasonalmVatiatons: a.n.<entarvents woe ac orien sccyaiais'siensists 47 
33. Variations from One Year to Another (Annual Variations) 59 
34. Adiabatic Variations of Temperaturé................ 64 
35. The Deep Water of the North Atlantic ............. 71 


36. The Horizontal Distribution of Temperature in the 
MTOPOSNELG Aye sve re olvick oie aie stele se lain ietoinisleyale voters total a tebe 79 


37. The Vertical Distribution of Temperature ........... 83 

VII. The Salinities in the North Atlantic............. 86 
38. Horizontal and Vertical Distribution of Salinity...... 86 

39. The Distribution of Salinity-Anomalies.. ........... 92 

Wi Stal bilitvar sae vecrratissiccayetaecae aac s ou screener seats 93 
40) (Galeulation) of the) Stability. < <<. sclelssre1 tolat peels) 93 

41. Horizontal and Vertical Variations of Stability....... 93 

DX Dynamics” of the cSeas Fiona; 2.0. et wusas sepa eee 94 
AD HeOLetical. Considerations </-.1s:.s/<in)< s/eloiea/w o1/4| ral eietn tn 94 

AB LAINUMeriGal. Gal culation joy. cvs-clerevsie wie fovalata era cisrelat this; et 99 

Ke Carrent Measurements: 5-05. ~ 5-41.08 coos eam 104 
AME IVIGtOGS) se) yee etetelareisisinieicastaie eta) <tsiaialsya/stestatecyeista inet 104 

45. Observations from Anchored Ship..............-.55 106 

465 Observations, from) Drifting: Ships J. 5 ./c). seein onsictssiats 112 
LSE OL 6 cnet onto nes tBa OA OADECRCR Acc in isteicemiti:: 114 


PART II (TABLES AND PLATES) 


Page 
AD CmletemeS THlACeu OMSCGVAM ONS! on veyeiiire casei oe neljen tue oe es qeeinn cle vis ois v/a dine 3" 
Table I b. Surface Observations and Meteorological Records ................ 5° 
ANC eSenale OpServations atthe StatiONS) .c....2 cece weve vaqecebecevier cress 21" 
Table Ill. Physical Conditions at Standard Depths.......................008. 33° 
Table IV. Anomalies of Specific Volume, and of Depth of Isobaric Surfaces 49* 
A SMV ome GM Ue VC ASULCRTCINLS A ehlsctt cise oie s cleuie reels oje)s conic es einininre Sie mpae apeine 54° 


Graphical Representations 


PHYSICAL OCEANOGRAPHY 


AND 


METEOROLOGY 


PART CLE XT) 


I. INTRODUCTION. 


1. The North Atlantic Ocean. 


The North Atlantic proper is that part of the Atlantic 
Ocean which extends from the Equator northwards to the 
submarine ridge (with islands) between Greenland and Scot- 
land. The Norwegian Sea to the north of this ridge has often 
been classed as a part of the North Atlantic, but it is now 
generally admitted that the Norwegian Sea topographically 
and oceanographically forms a so well defined area that it 
must be kept distinct from the Atlantic much in the same 
manner as the North Sea or Baffin’s Bay generally are, 
This distinction will always be maintained in the present 
paper. 

The essential topographic features of the North Atlantic 
are wellknown: the central ridge extending as acomparatively 
narrow, continuous bar from Iceland to the Equator, and 
thus clearly dividing the ocean into an eastern and a 
western part: — a series of deeps on both sides of the 
ridge; — a very irregular bottom configuration in many 
places, especially conspicuous in the northern part of the 
ocean between western and southern Europe and the 
Newfoundland Banks, the area where most soundings 
have been made. The details will be seen from the 
chart on p. 63%; it is based upon the thorough mapping 
by Dr. Grott. Even the details are of great importance 
for studying the currents, as will be shown later on. 

The basin of the North Atlantic Ocean contains very 
different kinds of water. The greater part of the water- 
masses consists of the so-called bottom-water or deep 
water, filling nearly allthe basin below some 2000 metres. 
The average depth of the North Atlantic is almost 4000 
metres. In the upper strata there are great variations 
from equatorial (or tropical) waters in the south to polar 
(or arctic) waters in the north, and at intermediate depths 
the characteristic water from the Mediterranean is traced 
over great areas in the eastern part of the ocean. The 
different waters mix and thus form what may be called 
“Atlantic water’. It is subject to variations through 
different agencies acting upon the sea-surface but may on 
the whole be characterized by the correlation between 
temperature and salinity (section 18). 


The general circulation in the North Atlantic Ocean 
— though well known — must, for the sake of clearness, 
be shortly mentioned here: The North Equatorial Current 
is joined by a considerable part of the South Equatorial 
Current N. of Brazil. The water passes partly N. of the 
Antilles and partly through the Caribbean Sea and the 
Gulf of Mexico. The excess water from the Gulf passes 
the Strait of Florida and joins the Antille Current, 
the whole mass of water flowing (under the name 
of “The Gulf Stream’) along the American coast as 
far as the southern slope of the Newfoundland Bank. 
Then it crosses the ocean towards Europe. Part of it 
branches off towards the north, flowing either towards 
Iceland or through the Faeroe-Shetland Channel into the 
Norwegian Sea. The other part of the “Gulf Stream” 
flows southwards, contributing to the formation of the 
Canarian Current, which continues into the North Equatorial 
Current. A great anticyclonic circulation is thus established 
in the Southern and central part of the North Atlantic. — 
Polar water flows southwards along the east coast of 
Greenland, makes at Cape Farewell a turn northwards 
and — after mixing with polar water from Baffin’s Bay 
— ultimately runs southwards along the coasts of Labrador 
and Newfoundland as “The Labrador Current”. The waters 
of this surface-current disappear by mixing with the “Gulf 
Stream’, but traces of them may be recognized pretty 
far to the south along the coast of U.S.A. 


2. The Cruise of the ‘Michael Sars” and the 
Geophysical Work on Board. 


The chief aim of the “Michael Sars” Expedition was 
to make a general biological survey of the North Atlantic 
Ocean by means of modern methods and based upon 
the experience gained by the Norwegian Fisheries’ Research. 
The geophysical investigations could only form a minor 
part of the programme, and had to take the second 
place. As much time as the other work permitted was, 
however, devoted to them. 

When planning the work it was decided that the 
geophysical investigations should embrace a survey of the 
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distribution of temperature and salinity in the central part 
of the North Atlantic with its various currents, together 
with some special investigations, which would fit in with the 
route and time. Current measurements were to be made, 
if possible, in the open ocean, especially in order to study 
the variations of ocean currents vertically and the existence 
or non-existence of tidal currents over great depths. Such 
measurements were also to be made in the Straits of 
Gibraltar. A photometer was constructed for making 
observations, down to great depths, of the penetration of 
light-rays of different wave-lengths. By a special agreement 
with the authorities of the Scottish marine researches it was 
decided that continuous observations during 24 hours, of 
possible vertical variations in temperature and salinity should 
be made in the Faeroe-Shetland Channel simultaneously from 
the ‘Michael Sars” and the Scottish research steamer. 

The route of the “Michael Sars’ is shown in the 
chart p. 64*. The route covered great areas where 
previously only a few or no observations had been made 
by modern methods. The investigations embraced: — 
the eastern part of the North Atlantic where e. g. the 
influence of the Mediterranean could be studied; — the 
outskirts of the Sargasso Sea; — different parts of the 
“Gulf Stream’; — the Newfoundland Bank with the 
Labrador Current; — the areas on both sides of the 
Wyville Thomson ridge. It would thus be possible, in a 
comparatively short space of time, to make a general 
survey of the North Atlantic with essentially different 
characteristics. 

The demand of simultaneity can, of course, never be 
fully satisfied by investigations with one vessel only. The 


“Michael Sars’? observations were made between the 
beginning of April and the middle of August, 1910. The 
physical conditions at intermediate and at great depths 
have probably not altered much during these 4 months 
and may, therefore, be directly comparable for the whole 
area of investigation. In the upper strata, however, the 
seasonal variations make a direct combination of the 
observations from different parts of the cruise very doubtful 
or even erroneous (cf. Chapter IV). 

The observations are published in the Tables I a 
and b, Il, and V. The methods used will be described 
and further particulars mentioned in subsequent chapters. — 

On the starboard side of the ship there were two 
steam-winches for the hydrographic work and the work 
with vertical nets for catching small plankton organisms. 
The foremost winch could be coupled to a big drum and 
to a Lucas sounding machine. The drum was provided 
with 5000 m. steel-wire of 3-5 mm. diam., which was 
used for all hydrographic observations below 2000 m., 
and also, occasionally, for observations in the upper strata. 
The other winch was placed amidships and could be 
coupled to two drums, one of which was used for the 
hydrographic work at by far the greater number of stations. 
It was provided with 2000 m. steel-wire of 2-5 mm. diam. 
The wire was new, and very good to begin with, but after 
a time it became corroded and worn through constant 
use in sea-water at relatively high temperatures. Ultimately 
parts of the wire had to be condemned. Under such 
circumstances wire of phosphor-bronze is much to be 
preferred; it will prove cheaper in the long run. 


Il. THE SEA-SURFACE AND THE AIR. 


3. The Surface Observations. 


The surface observations were made in the ordinary 
simple way: water was hawled up in a bucket, the 
temperature was read, and a glass-bottle filled with a 
water-sample for titration. The thermometers were divided 
in 1/10° C. They were so sensitive that they gave the 
temperature correct within 0-1° C in about half a minute. 
The sample-bottles and the titrations will be mentioned 
in section 14. 

During the greater part of the cruise the surface- 
temperature was observed every hour, while water-samples 
were, as a rule, only taken every second hour. Most of 
these observations on board were made by the ship’s 
officers G. Wilhelmsen and K. Knudsen. 


4. Meteorological Observations. 


On the top of the pilot-house of the “Michael Sars” 
we had a screen for meteorological instruments, of the 
type generally called the Norwegian Screen. Its sides 
were open enough to permit the air passing through them, 
while neither direct sunshine nor rain or spray from the 
sea could reach the instruments. The screen was placed 
about 4 metres in front of the funnel; the instruments 
had a height above sea-level of 5 metres. 

A psychrometer stand with dry and wet-bulb ther- 
mometers was placed in the screen. From June 3rd to the 
end of the cruise the thermometers were read by the officers, 
as a rule every second hour, The air temperature was 
also sometimes observed by means of a swing-thermometer; 
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the agreement between this and the dry thermometer in 
the screen was excellent. The corrected temperatures, 
as well as the values of relative humidity, are recorded 
in Table I b; temperatures found by means of the swing- 
thermometer are printed in italics. Sometimes the wet- 
bulb thermometer gave a slightly higher corrected reading 
than the dry thermometer of the psychrometer; in these 
cases the relative humidity is reckoned as 100 and placed 
within brackets [100]. 

We had two aneroid barometers and a barograph 
on board. They were often read, but as they did not give 
quite trustworthy records the results are omitted in the 
Tables. Sufficient information on the distribution of 
pressure may be deduced from the Hoffmeyer charts 
(edited by The Danish Meteorological Institute and the 
Deutsche Seewarte in cooperation). Parts of these charts 
are reproduced on pp. 77*, 79*, 81*, and 83*. 

Observations of wind directions were made along 
with the temperature observations. The directions recorded 
in Table Ib are magnetic, just as they were noted in the 
journals’). The wind velocity was estimated according to 
the “half Beaufort’ (O—6), a scale which has been preferred 
by many Norwegian sailors. 

The cloudiness was estimated according to the scale 
0-10 (O=blue sky, 10=overcast). Fog and rain were noted 
in the journais. In the column headed “Remarks” in 
Tables I and Ib, the ciphers indicate the number of the 
hydrographic stations; F means fog, and R rain. 

The work in the small steamer with only few observers 
on board had to be concentrated upon the essential 
investigations, and but slight attention could be paid to 
meteorological investigations during the expedition. To 
begin with it seemed doubtful whether it would be worth 
while to publish the observations. Closer examination, 
however, has shown that the observations give much more 
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interesting results than might be expected and it is strongly 
to be recommended that such observations every hour or 
every second hour be more generally made than is now 
the case. 


5. Statistical Treatment of the Observations. 


The occasional variations in the meteorological elements 
tend to obscure the general features. The former may, 
however, to a great extent be eliminated by means of 
statistical methods. 

When we calculate continuous means for 24 hours 
the daily period and many casual variations disappear, 
and the more general variations stand out. If we have 
observations made every hour and calculate the means 
for all observations between o" and 93" (incl.), between he 
and 0" on the following day, between 2" and 1" on the next, 
and so on, we get the means centred at about i 30”) 19" 

m h m 
SOs ono OmemmeLGe 94" 


In order to have them referred to full hours we may take 
the averages of every two succeeding values, so getting 


These means may be termed m 


5 I I 
tiie means for {9° 13 etc. These means may be termed 


My 9: By taking the difference (2—Mg4 9) between the 


single observations (0) and the means referred to the hour 
of observation (549) we get values corresponding to the 


casual and short-period (e. g. the daily) variations. In 
the case of observations which were only made every second 
hour, we get similar values by taking continuous means 


of 12 successive observations, and calculate M59 and 


o—m,., for every second hour [cf. WALLEN, 1910 and 1913, 


12,2 
HELLAND-HANSEN and NANSEN, 1917 and 1920]. 


Our material of observations from the sea-surface 


‘) The directions may be reduced to true directions by applying the following values of magnetic variation: 
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and the air has been treated in this way. Values which 
were lacking have been interpolated. We have four 
different series, viz: 

I. June 3—13 from the area S. of the Azores. The 
observations commenced at about 30° N, 29° W. At 
first the route lay westward to about 35° W on June 5 
(at Stat. 51) and then, from June 7, in a north-easterly 
direction towards Fayal. 

II. June 17 to July 2 from the Azores WSW to the 
Sargasso Sea (Stat. 64 on June 24) and thence northwards 
to Newfoundland. 

Ill. July 8—29 from Newfoundland to, the British 
Isles (through the Irish Sea to Glasgow). 

JV. August 4—15 from Glasgow to Rockall, thence 
to the Faeroe-Shetland Channel (where two cross sections 
were worked), and finally to Bergen. 

The values of My, 5 (for the surface temperature) or 


M59 (for the other elements) are represented graphically 


in the figures A on pp. 76%, 78*, 80*, and 82*. The curves 
B show the differences (0-4 9)3 or (2M 199)3° The 


original differences have been smoothed out by taking 
continuous means for 3 successive values in order to eli- 
minate many disturbing accidental variations. 

In these figures S°/oo denotes the surface salinity, 


r, the surface temperature, 7, the air temperature, 7. | 


the temperature difference between water and air, igs 


the absolute humidity (in grams per cubic metre), /7°/o the 
relative humidity, C the cloudiness, and W the wind. In 
the figures A the dotted curves W represent the 24-hour 
means (159) of velocity in “half Beaufort” (O—6). The 


arrows are vectors, giving the true (not magnetic) direction 
and the velocity for each individual observation. The 
ordinate represents the south—north direction; the 
vector-scale of velocity is half the scale for the dotted 
curve (the latter is given to the left in the figures). Calm 
weather is denoted by a cross. At the top of the figures 
A will be found some signs representing rain (small vertical 
lines) and fog (horizontal lines). 

For a discussion of the variations in the surface-water 
and the air it is important to know the meteorological 
conditions over a wide area. The synoptic charts referred 
to above (edited by the Danish Meteorological Institute 
and the Deutsche Seewarte) give sufficient information. 
Parts of these charts are reproduced along with the curves 
mentioned. They refer to the morning observations made 
by many ships and land-stations. In the reproductions 
will be found data for wind direction and velocity (calm 
weather denoted by a ring or a dot), air temperature (in 
whole degrees centigrade, written in heavy type), and 
sea temperature (in tenth degrees, written in slender type). 


The air pressure is represented by the isobars for every 
5 mm. Fog is denoted by three short horizontal lines. 
The representation of cloudiness (rings more or less 
blackened) is very uncertain as in many cases it is impossible 
to recognize it in the original publication, owing to lack 
of clearness in the printing. The position of the 
“Michael Sars’ at 8 a.m. is marked by a cross in each 
chart. The first chart in each series shows the position 
of the various ‘Michael Sars” stations, and the dates when 
they were occupied. 

The individual observations given in these charts are 
of very unequal value, and many of them are possibly 
or even certainly wrong. Provided, however, that we avoid 
paying too much attention to the individual details and 
that we chiefly study the grouping of the general features, 
we can derive from these reproductions practically all the 
information necessary for our purpose. 


6. The Surface Salinity. 


The general variations in surface salinity along the 
route of the ‘‘Michael Sars’’ will be seen from the A-curves 
marked S°/oo, pp. 76*, 78*, 80*, and 82*. These salinity 
curves have a very even shape with quite small bends, 
except in some few places. The general geographic 
features stand out clearly, with small variations within 
each hydrographically defined region and with large 
variations at the transitions from one region to another. 
In the first series (p. 76*) it is a conspicuous feature that 
the salinity had a high value near the Sargasso Sea, slightly 
decreasing northwards to the Azores. The second series 
shows slight variations from the date of start from the 
Azores up to June 25th. On June 26th the salinity fell 
rapidly for a short distance, when the route had passed 
from the “Gulf Stream” into a “bight” of colder and less 
saline water influenced by the Labrador Current from the 
north. From the 27th to the 28th of June the “Michael 
Sars” went first southwards and then northwards again 
within the “Gulf Stream” area with high salinities. The 
ship finally left this area on June 29th, and passed into 
the waters coming from the north along the Newfoundland 
Banks. The third series (p. 80*) shows the low salinities 
of the Newfoundland waters (the left side of the curve) 
and of the coastal waters near the British Isles (to the 
right), with a long intervening streak of uniform waters 
with the high salinities characteristic of the “Gulf Stream”. 
Finally, the curve of the last series (p. 82*) indicates 
the variations in salinity on the passage from the coastal 
waters near Scotland to the area of the Atlantic current 
(to the left in the figure), and from the continuation of the 
saine current in the Norwegian Sea to the coastal waters of 
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Norway. A slight minimum is seen about August 10th, 
near Shetland. 

In this manner the general variations in salinity are 
fully explained as a consequence of the variations in 
regions. The casual meteorological variations (e. g. in 
wind-conditions) exert quite a subordinate influence upon 
these general variations demonstrated by observations 
from a ship moving at considerable speed and covering 
great distances. 

The more rapid casual, or periodic, variations may 
be studied by means of the B-curves, pp. 76*, 78*, 80*, 
and 82*. They are drawn on a much larger vertical 
scale than the A-curves. The differences 0 — m j99 
have, as already mentioned, been smoothed by the calcu- 
lation of continuous means for every 3 successive values. 

Great variations were met with in the transitional 
regions mentioned above: on June 26th, 27th, 29th, July 
9th---12th, 27th, 28th, and August 14th. Otherwise the 
variations were relatively small. There are no conspicuous 
daily variations to be seen. The maxima, for instance, 
occurred at any time of day or night. Nor is there any 
quite definite rhythm in the variations, although a mean 
period of some 16 hours seems to be possible. 

Comparison with the curve W shows that there is 
in many cases some apparent coincidence between the 
variations in salinity and in wind velocity. On many days 
a maximum of wind velocity corresponded to a maximum 
of salinity, but on other days a maximum of wind corre- 
sponded to a minimum of salinity. This discrepancy might 
be accounted for by variations in the direction of the 
wind, but our observations do not seem to give a clear 
and definite solution. 

It must also be borne in mind that the salinity in 
many or most cases shows horizontal variations down to 
considerable depths which are similar to those at the 
surface, as will be seen from the vertical sections and 
will be further described below. A casual variation of the 
wind cannot create a momentary displacement of a deep 
water-stratum. 

Our observations seem to prove that there are many 
but rather small variations in salinity due to a heter- 
ogeneous or irregular distribution of salinity. Patches 
of water with relatively high salinity may evidently 
alternate with patches of less saline water. These varia- 
tions are, in many cases, probably connected with peculiar 
dynamic conditions. 

Near the border of a current or, generally, in places 
with a great horizontal gradient of salinity a persistent 
departure from the average wind conditions will evoke 
variations of salinity at a fixed point (relatively to the 
sea-bottom). Such variations cannot be properly studied 
by means of our observations (cf. section 7). 


7. The Surface Temperature. 


The A-curves for surface temperature (7, ) on pp. 76*, 
78*, 80*, and 82* show clearly the same general variations 
as we find in the salinity curves. An increase in salinity 
corresponds to an increase in temperature. The only 
exception to the rule is that the coastal surface waters in 
August (the last series) were as warm as, or even warmer 
than the Atlantic water outside. Near the Newfoundland 
coast the surface water was also warmer, and at the same 
time less saline, than further out in the Labrador current. 
This corresponds to the well known fact that in summer 
the surface water near a coast is very often warmer 
than out at sea. This was not the case, however, along 
our route in British waters on July 27th and 28th. 

When the exceptions mentioned are left out of account, 
a study of the A-curves will show that the variations in 
salinity coincided with similar variations in temperature. 
On the 11th, 12th and 20th of June, not far from the 
Azores, the surface temperature had a maximum not 
accompanied by a similar maximum of salinity. Other- 
wise there is a perfect positive correlation between salinity 
and temperature as far as these smoothed values are 
concerned. This correlation will be dealt with generally 
in section 18. 

The great variations in the mean surface temperature 
in the areas in question are, therefore, due to the regional 
variations. The smaller variations are more easily recog- 
nized in the temperature curves than in the salinity curves 
(on account of the scale used). They are evidently due 
to local variations in the direction of the currents or in 
the track of the ship. A small deviation from the general 
direction of the current or of the ship may produce a 
marked effect in places where the horizontal gradients of 
salinity and of temperature are considerable, as will always 
be the case when the water flows with great velocity 
relatively to the surrounding water-masses, e. g. near the 
northern border of the “Gulf Stream’? between America 
and Europe. 

The positive correlation between salinity and tempe- 
rature is very conspicuous even in the details shown by 
the B-curves. With the exception of the series from August, 
the various series show with remarkable clearness that 
almost all the rapid variations in salinity were accompanied 
by quite similar variations in temperature. The daily 
period of temperature is not so evident as might be 
expected: it is very often entirely blurred by the local 
variations. It is, therefore, a very unsatisfactory task to 
determine the daily variations of temperature from obser- 
vations made on board a ship which passes through heter- 
ogeneous water-masses. Reasonably trustworthy results 
can, as a rule, only be obtained by measurements covering 
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a long time taken from a ship drifting with the current. 
Only when the salinity is almost constant will the daily 
variation of temperature exhibit itself clearly, as may be 
seen from some parts of our curves. But even then some 
unexpected variations of temperature may be found (cf. July 
23rd to 26th). When we compare the surface temperature 
(the B-curves) with cloudiness (A-curves and B-curves) we 
find — as might be expected — that the daily temperature 
variations were much more prominent with slight than 
with extensive cloudiness (cf. June 7th—9th, 11th, 19th— 
22nd with slight cloudiness and a distinct daily period 
of the surface temperature, while the observations from 
August demonstrate great cloudiness and Scarcely any 
trace of the daily period). 

By means of very extensive material in the form of 
temperature observations from the sea surface and the 
air, Professor NANSEN and I have studied the annual and 
monthly temperature variations in the North Atlantic 
[HELLAND-HaNSEN and Nansen, 1917, 1920, 1921]. We have 
found that temperature-variations of this kind in a definite 
place (relatively to the sea-bottom) appeared at first in 
the air and afterwards in the sea surface, both of them 
being due to general alterations in the distribution of 
air pressure and consequently in the winds. We came 
to the conclusion that the variations in surface temperature 
were chiefly the result of a displacement of the surface- 
layers. The direct warming or cooling effect of the air 
upon the sea seemed to be of secondary importance. 
These results agree with the results we have come to above. 
The temperature of the water without regard to the geogra- 
phically fixed place is in close correlation with the salinity. 
The wind only produces a slight thermal effect directly, but 
it may displace the surface water, with the result that the 
variations observed from a fixed point take place in salinity 
and temperature simultaneously. This effect is gradual, 
and may be detected by continuous observations at fixed 
stations or in the average for small areas, but not by 
means of observations made along a route which is 
traversed rather quickly. If temperature variations of this 
kind were not closely connected with the movements of 
the water, we might expect to record temperature variations 
which were quite independent of salinity variations. 

It must be borne in mind that the heat capacity per 
volume is about 3300 times as large for water as for air. 
An average heating of the air from the sea surface upwards 
to 300 metres by 1° C will correspond to an average 
cooling of the uppermost 10 metres of the sea-water by 
less than 0-01° C. A heating or cooling of the atmo- 
sphere from the sea will therefore have only a slight 
influence upon the latter when it is not continued for a 
long time. 

The wind will, of course, effect a mixing of the upper 


water-layers owing to the waves. When there is a marked 
vertical temperature gradient in the upper few metres of 
water quite appreciable temperature-variations may be 
observed at the very surface. A maximum of temperature 
as well as of salinity will mostly be found at the surface 
or in the surface layer in the North Atlantic in summer. 
It will, however, be seen from the Tables that the tempe- 
rature gradient for the upper 10 or even 25 metres was 
very small, so that a stirring by waves would as a rule 
have only an insignificant effect on the surface tempera- 
ture. Generally no long time elapses between the occur- 
rences of fresh winds in the North Atlantic so that no 
appreciable cumulative effect will be established as far as 
the vertical differences of temperature are concerned. But 
some variations of this kind may be expected, and it will 
also be seen from the A-curves that a high wind velocity 
corresponded to a general, though small, fall in tempera- 
ture, irrespective of the direction from which the wind 
was blowing. A small effect may also be traced in the 
salinity. 


8. The Air Temperature. 


The A-curves for the air temperature (a) are drawn 


on identically the same scales as the curves for the surface 
temperature (*s): The two curves accompany each other 


remarkably closely in all series, and the rapid and great 
variations in both elements coincide much better than 
might be expected (cf. June 26th to July 2nd, and July 
8th to 12th). The curves very clearly reveal the important 
fact that the mean air temperature had a strong tendency 
to follow the mean surface temperature. The difference 
between the two was, on the average, only very rarely 
as much as 2° C, even if the air had come directly from 
Arctic regions with much lower, or from Tropic regions 
with much higher temperatures. Our curves, in combination 
with the synoptic charts, prove that the air about 5 metres’ 
height above sea level very quickly adopts a temperature 
approximating to that of the sea surface. 

The greatest differences (ec %,) of the averages were 


found in the second series of observations between June 27th 
and July Ist, in a region with rather abrupt hydrographic 
variations where there is only a short distance between 
warm and cold water. But even there the two curves 
exhibit the same great changes. On June 26th the air was 
relatively cold in spite of a wind, at times strong, blowing 
from S, SW, or W.. It will be seen from the charts that 
the air just N of our position on the 27th of June in the 
morning came from NW with temperatures between 12° 
and 17° C. On the 28th of June (morning) the wind in 
places W of our position came from N, while we observed 


s 
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a westerly wind. There were great changes of wind in 
this locality, a strongly developed cyclone passing by. It 
seems to be quite obvious that the air observed by us 
had come from northerly and not from southerly regions 
a short time (only some hours) before. In this way the 
relatively great difference (sea temperature minus air 
temperature) on June 28th is easily explained. On June 
29th and the following two days the air came, according 
to the charts, from southerly regions, giving everywhere 
in the neighbourhood a higher temperature in the air than 
in the sea surface. We had then rather suddenly passed 
from the warm water of the “Gulf Stream” into the cold 
Arctic waters. In the chart for June 30th an observation 
is introduced from a place about 100 naut. miles to 
the S of the “Michael Sars” position, showing an air 
temperature of 21° C, sea temperature 18-4° C, and a 
southerly wind of 4 Beaufort. Our observations were respec- 
tively 14.0° C, 12-05° C,S,5 Beaufort (0O—12). Between the 
two places there was a difference in air temperature of 
7° C and in surface temperature of 6-35° C. The air had 
probably traversed the distance in about 7 hours (velocity 
7-5 m.p.s.). 


For the third series of observations our A-curves 
(p. 80%) show a great difference of temperature between 
water and air on July 14th. The synoptic chart for that 
day shows that the wind in those regions came directly 
from the area of the cold Labrador Current to the West. 
Observations from a ship within the latter area gave a 
higher air temperature (10° C) than sea temperature 
(7-5° C), while the simultaneous “Michael Sars” observations 
further east gave 13-6° and 16-2° C. Here, too, the transition 
from cold to warm water takes place within a_ short 
distance; and in such cases relatively great temperature- 
differences between water and air must be expected. The 
heating or cooling of the air takes place very quickly 
though not instantaneously. 


By comparing the A-curves for sea temperature and 
air temperature we find confirmation of the well-known 
tule that the sea surface is generally warmer than the air. 
Out of all the averages only 32 °/o show an air temperature 
higher than the surface temperature, even though the 
investigations were made in summer when the general 
tule is often reversed. When we study the details exhibited 
by the wind curves and vectors and the synoptic charts 
we find, practically without exception, that the air temperature 
increased relatively to the sea temperature when the wind 
came from warmer areas, and decreased when the wind 
came from colder ones. The increase is particularly marked 
in cases when the horizontal temperature gradient was 
comparatively strong, and especially when in addition the 
wind velocity was great. 
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We need only take a few cases as examples to show 
the details. In the third series (A-curves p. 80*) we find: 

July 9th. Air temperature relatively much higher than 
sea temperature. Wind from warmer regions. 

July 10th. Smaller difference between air temperature 
and sea temperature, air warmer than sea, wind from 
warmer regions, but very light. 

July 11th. Wind quickly veering from southerly 
directions (warm) to south-westerly, westerly and north- 
westerly (cold) with increasing velocities, air temperature 
quickly decreasing relatively to sea temperature. 

July 12th. In the afternoon wind veering to SW (warm), 
air temperature increasing relatively to sea temperature. 

July 13th. In the forenoon increasing wind from 
warmer regions, air warmer than sea. In the afternoon 
comparatively fresh wind from colder regions, temperature 
quickly decreasing and becoming much lower than sea 
temperature. The cold and fresh wind also prevailed 
on the following day. 

July 15th. Wind from cold areas but with decreasing 
velocities, air colder than sea but with decreasing differences. 

In this way we may follow the variations from day 
to day and practically everywhere find a clear verification 
of the following general laws referred to the 24-hour 
means of temperature: 

The air temperature is in most cases lower than the 
sea temperature and always when the wind has quite 
recently come from colder regions. The difference — sea 
temperature minus air temperature — is then greater 
with a rapid air-current than with a slow one. 

The temperature of the air approaches the sea tempera- 
ture when the wind has come from warmer regions and 
becomes higher than that of the sea when the air moves 
with comparative rapidity. 

We shall now consider the more individual and the 
short-period variations exhibited by the B-curves. As stated 
above, the surface temperature, even in the details, coincided 
with the salinity and the daily period was often indistinct. 
The detailed variations of the air temperature, we find, 
show a more marked daily period, with a maximum in 
the middle of the day or in the afternoon, and a minimum 
in the night. But these daily varialions were often greatly 
modified by local variations of the surface temperature 
and might sometimes be entirely blurred. Consequently 
there is also quite a good correspondence between the 
B-curves for sea temperature and air temperature, and 
there is even a considerable resemblance between the 
B-curves for salinity and air temperature. In many cases 
the extremes appear a little earlier in the curves for sea 
temperature than in those for air temperature, sometimes 
indicating that the surface conditions were primary. The 
daily period in the air temperature, with its greater 
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amplitude, as well as the variations in wind are, however, 
very often apt to cause displacements in the opposite 
direction. 

Along the same zero-lines and with the same scales 
as the B-curves for air temperature some broken curves 
for the variations in the difference between sea temperature 
and air temperature have been drawn. The difference, 
sea temperature minus air temperature (.—*, — oy 


has been found from the values in Table Ib for every 
second hour, and the 24-hour averages referred to the 
hours of observation have been calculated (47755), The 


differences between the individual values and these averages 


(At—Ar 795) have been smoothed by taking means of 


3 values continuously ( t—LT jp o) )) and the values 
mcd, 


found in this way are represented in the broken curves 
pp. 76*, 78*, 80%, and 82*. Positive values (drawn upwards 
from the abscissa) mean that the surface temperature was 
higher than the air temperature, negative values (downwards) 
that the air was warmer than the sea. 

The curves show that the variations in the difference, 
sea temperature minus air temperature, in the great majority 
of cases occurred inversely to the variations in air 
temperature. This means either that the variations in the 
temperature of sea and air occurred in inverse relation to 
each other, or that the variations in the air temperature 
were more prominent than in the sea temperature. Both 
cases occur, and will mostly be related to a predominant 
daily period of the air temperature. The air was as a 
rule warmer than the sea by day and colder by night, 
the broken curves showing in most cases a minimum by 
day and a maximum by night. 


9. Humidity and Fog. 


The general features exhibited by the A-curves for 
the North Atlantic show the same regional distribution 
of the quantity of water-vapour as of the temperature 
of the air, and consequently (sections 7 and 8) of the 
surface temperature and salinity as well. Those regions 
where the surface salinity and temperature were high 
had also a high air temperature and a high absolute 
humidity. Only in the case of coastal waters in summer 
time may this general correspondence fail, because the 
temperatures may be high in relation to the salinity (cf. 
sect. 7) or the air may be dry when it hascome from a 
continent. 

The variations in the general distribution of air 
temperature and absolute humidity also corresponded very 
closely to each other, as will clearly be seen from the 
curves (see especially the figure representing the third series 


of observations, p. 80*). For these variations the corre- 
spondence with the surface temperature is less pronoun- 
ced, or even absent. We have seen (sect. 8) that the air 
temperature sank or rose in comparison with the surface 
temperature according to the direction of the wind. For 
the sake of brevity we shall assume that southerly winds 
are winds which bring the air from warmer to colder 
regions, and that northerly winds are those which bring 
the air from colder to warmer regions. In this sense of 
the words we find that southerly winds gave higher 
temperature and absolute humidity, and northerly winds 
made both these elements decrease. The correspondence 
is especially pronounced when not merely the air tem- 
perature but also the difference between the surface tem- 
perature and the air temperature is taken into consideration. 
The absolute humidity was comparatively high when the 
air was warmer than the sea and low when it was colder, 
and the variations in humidity corresponded to the varia- 
tions in temperature-difference between water and air. 
The exceptions to this rule are very rare (in the first and 
last series of observations only; there are none in the 
second and third series). 

Now it is rather surprising that the variations in relative 
humidity demonstrated in our A-curves generally coincided 
almost exactly with the variations in absolute humidity. 
We can disregard those instances when the air was for 
some considerable time saturated with humidity, and fog 
occurred. Otherwise there is almost perfect agreement 
even in minor details as regards the absolute and relative 
moisture in the air above the sea. Divergencies in the 
rate of rise or fall (the derivate) of the average quantities 
are easily explained by an examination of the wind 
conditions. 

Northerly winds in the sense mentioned above would, 
when increasing, generally cause an extra decrease in 
absolute as well as relative humidity (cf. June 7th—10th, 
19th, July J1th, 23rd, 25th). On June 28th we had a 
relatively low air temperature and a very low relative 
humidity in spite of a southerly wind veering westerly at 
the time. We have already shown, however, that the same 
air had in all probability come directly from cold northern 
regions only a few hours before. The air from northerly 
regions in the North Atlantic contains a comparatively 
small amount of moisture, and such ‘Polar’ air appears 
to be comparatively dry when heated. Similarly, we 
generally find a comparatively low humidity in con- 
tinental air moving seawards. On August 12th we expe- 
rienced a sudden fall of humidity because the wind on 
that day brought air from Northern Europe. The next 
day we had an increase of absolute and relative humidity 
because the wind changed and brought air from a rela- 
tively warm part of the Norwegian Sea. 
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With increasing southerly winds in the North Atlantic 
we generally find an extra increase of relative humidity 
(cf. e. g. June 24th--26th, 29th, July 13th, 20th, 26th). 
It must, of course, be borne in mind that our observations 
only comprise certain parts of the North Atlantic and that 
we lack observations from some important areas. Our 
conclusions are therefore limited in regard to locality as 
well as time. But for those parts of the Ocean that we 
have investigated in the “Michael Sars” expedition we find 
that as far as the averages are concerned (the A-curves) 
the variations in relative humidity did upon the whole 
go parallel to the variations in wind velocity with 
southerly winds and inversely with northerly winds, 
the variations being generally felt earlier in the wind 
than in the humidity. 

In order to explain these conditions we must call 
attention to the conditions of equilibrium in the lowest part 
of the troposphere. By vertical movements of the air its 
temperature varies adiabatically. When the air ascends it 
becomes cooled by 1° C pr. 100m. (the ‘dry adiabatic’’), pro- 
vided that the water-vapour does not condense and liber- 
ate its latent heat of evaporation. When the air is perfectly 
mixed we find below the level of condensation a vertical 
temperature gradient corresponding to the dry adiabatic. 
A stronger gradient (a quicker decrease of temperature 
upwards) means a state ot lability, and a smaller gradient 
a state of stability. As the sea surface is upon the whole 
warmer than the air, we generally find that the air above 
the ocean is heated from the under boundary, i. e. there 
is a state of instability in the lowest layer of the tropos- 
phere. When the air is stirred by winds it ascends, and 
up to the height of its ascension it tends to produce a 
gradient corresponding to the dry adiabatic. This height 
will, with continuous spells of wind, ultimately become the 
height of condensation, or at any rate a height above which 
a smaller gradient (may be inversion) rules. By this ascen- 
sion the water vapours are carried upwards. The air 
ascending from the sea surface must be replaced, and 
the new air coming near the sea surface as a substitute 
must obviously as a rule have a relatively low humidity 
when the air is colder than the sea. With a positive 
temperature gradient in vertical direction (temperature 
decreasing upwards) the absolute humidity must upon 
the whole decrease upwards, the more so as the moisture 
comes from the sea surface. Aerological observations 
have shown that even the relative humidity very often 
decreases upwards. As long as the heating from the sea 
surface takes place the turbulence is apt to provoke a 
reduction in the absolute humidity observed at quite low 
heights and an increase at higher levels. 

In the case of a labile equilibrium the descending air 
doubtless reduces the temperature observed, but as long 
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as a heating of the advancing air really takes place the 
relative humidity must sink, provided that the air (as is 
generally the case) has not been saturated all through. 


Such conditions are especially prevalent with northerly 
winds in our areas of investigation. With northerly winds, 
therefore, we may lay down as a general rule that the 
records of air-temperature give sinking values at the same 
time as the observed difference of temperature between 
water and air increases and both the absolute and the 
relative humidity observed decrease. 


With southerly winds (in the sense defined above) the 
air is cooled from below so that an increasing state of stabi- 
lity is established. The temperature increases from the sur- 
face and for some distance upwards, and provided that we 
have to deal with “old’’ sea-air and not relatively dry air 
from the continents or air which has recently come from 
Arctic regions, the relative humidity will increase. The 
absolute humidity will eo ipso be greater in warm sea-air 
from the south than in cold air from the north. In a state of 
pronounced stability the mixing of the air proceeds more 
slowly upwards than in the case of lability, thus limiting 
the effect to lower heights. In this manner the increase 
of absolute and relative humidity is intensified in the 
lowest air-layer. 


In his important memoir on the ‘“Scotia’’-observations 
in 1913 G. I. TayLtor [1914] has arrived at some very 
interesting results, obtained by means of kite and balloon 
ascents. He studied the “life-history” of the air in which 
his aerologic observations were made, and found a close 
correspondence between the path of the air along the 
sea surface during the preceding days, the surface tempe- 
rature, and the vertical distribution of air temperature 
and humidity. How far, and how rapidly the influence 
of the sea surface and the casual wind will make itself 
felt upwards depends upon this “life history”, because it 
is the decisive factor governing the variations in the 
vertical gradients and the state of equilibrium in the lowest 
part of the troposphere. 


In calm weather, the conditions are quite peculiar. 
When the sea is warmer than the air, this ascends 
with its content of water vapours, and the evaporation 
may then go on permanently because new unsaturated 
air appears at the sea surface. When, on the other hand, 
the air is warmer than the sea, the state of stability is 
apt to become more and more prominent. A film of 
air along the sea surface may become saturated with 
moisture and fail to ascend on account of its compara- 
tively low temperature. As a result, evaporation will 
cease. Such a case may easily occur in summer time, 
especially in the middle of the day. Under these circum- 
stances the evaporation may have a minimum irrespec- 
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tive of a high temperature in water and air [HELLAND- 
Hansen 1916]. 


During the “Michael Sars” Expedition fog was met 
with several times. It is noted in the Tables on June 
30th, July Ist, 2nd, 8th to 11th (all of them near New- 
foundland), 18th, 26th, and August 7th. The observations 
of fog are marked in the Figures on pp. 78* and 80* 
above the A-curves, and it will readily be seen, that the 
fog appeared almost exclusively when the temperature of 
the air was higher than that of the sea surface. The 
only exception was on the outskirts of the Labrador Current 
on the 11th of July for a couple of hours when a north- 
westerly wind probably brought fog. Evidently the occurrence 
of fog is chiefly connected with a prominent stable equili- 
brium in ‘‘old sea-air’, i. e. air which has passed over 
relatively warm parts of the ocean for such a long time 
that it has attained a high value not only of absolute, 
but also of relative humidity to a greater height than 
that reached by the turbulent motion in the place where 
the fog is formed. lf not, the wind observed on foggy 
days would dissipate it. In other words, it is not only 
a question of the difference of temperature between water 
and air, but also of the vertical distribution of moisture 
in relation to the actual temperature of the sea surface. 
The greater the negative temperature gradient and the 
longer the previous air-path over a warm part of the 
ocean are, the more favourable will be the conditions for 
the formation of thick fog. The unusually great contrast 
between warm and cold areas near the Newfoundland 
Bank is apt to cause unusually thick fogs in this region. 
In other regions where fog frequently occurs as e. g. in 
the Northern part of the Norwegian Sea (at Spitsbergen 
etc.) the contrast is much smaller, and we may therefore 
suppose that the fog in such region is, as a rule, not so 
dense. It must be remembered that the air may often 
be supersaturated with water-vapour before the conden- 
sation takes place, and the actual conditions for the 
formation of water-drops (the existence of nuclei) must 
therefore be considered too. It may be possible that 
there is a connection between strong wind (much spray 
giving minute water-drops or salt-particles to the atmos- 
phere) and a subsequent formation of fog. — 


We shall now turn to the B-curves, demonstrating 
casual and short periodic variations in humidity. It is 
evident that even these variations were common to the 
absolute and the relative humidity in the great majority 
of cases. This means that the general conclusions arrived 
at in regard to the averages also hold good in regard 
to the more detailed variations, within short intervals of 
time. The correspondence with the variations both in 
air temperature and in the temperature-difference between 
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water and air is also quite evident; the divergencies may 
in most cases be explained by the wind-conditions. 

In most cases, then, we also find a maximum of 
absolute as well as of relative humidity by day and a 
minimum by night corresponding to the daily period of 
the air temperature. There are many exceptions from 
this rule, but it holds good in the large majority of cases. 
In the middle of the day (in summer) the air was mostly 
warmer than the sea (cf. sect. 8) so that a stabile 
equilibrium was established, with an increase of humidity 
near the sea surface. At night the reverse was as a 
rule the case, giving lability with a decrease of humidity 
near the surface. Many of the exceptions are easily 
explained when the various elements are examined in 
detail. 


10. Cloudiness. 


The observations of clouds were restricted to an 
estimation of the extent of the cloudiness, and did not 
embrace the cloud-forms. It is not possible, therefore, 
to treat the variations in cloudiness in a satisfactory manner. 

In the 3rd series of observations, between the New- 
foundland Banks and the British Isles (curve p. 80%), the 
observations were so scanty and doubtful within the foggy 
region near Newfoundland that the averages for two or three 
days could not be calculated. The sea temperature 
increased on the whole until the 18th of July, as did also, 
correspondingly, the air temperature; but on a wide 
average the cloudiness continued to sink until the 17th. 
Taking the minor variations, however, it is quite obvious 
that the cloudiness varied with the variations of temperature, 
and still more with the humidity. An increase of temperature 
and humidity corresponded to an increase of cloudiness, 
and a decrease of the various quantities was mutual. There 
was obviously some retardation of the variations from air 
temperature to humidity and further to cloudiness. 

This parallelism may probably be accounted for by the 
fact that temperature and humidity increase with the 
beginning of southerly winds in front of the depression, 
and that cloudiness soon increases too on the further 
approach of the depression. 

The cloudiness in depressions has been explained by 
the polar front theory of Professor V. BJERKNES and his 
collaborators. This theory sets out from the fact that the 
temperature distribution in depressions often exhibits a 
prominent line of discontinuity forming the boundary 
between air of polar and tropical origin. This boundary 
line, the ‘polar front”, corresponds in the free atmosphere 
to a boundary surface directed obliquely upwards with 
an inclination from the horizontal of about 1: 100. All 
the clouds giving continuous rain (ASt and high Nb) seem 
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to be formed in the warm air ascending the inclined 
polar front surface, either during an onset of warm air or 
of retreating cold air, or during a cold onset forcing the 
warm air to escape upwards. 

Clouds formed in this way cannot be expected to 
stand in close correlation with the momentary meteorological] 
conditions deep below them at the sea surface. They are 
the product of a more complex interaction of air masses 
of different densities brought together from widely distant 
regions. The clouds lower down have a more direct 
connection with the conditions at the sea-surface. 

The water-vapour absorbed from the sea is transported 
upwards into the atmosphere when the latter has become 
unstable by heating from below. The longer and more 
intense this heating has been, the greater is the amount 
of moisture in the upper air, and the lower and denser 
the clouds formed. In the region now discussed the air 
to a great extent comes from the American Continent or 
from between Labrador and Greenland being at first cold 
or cooled, then heated by the “Gulf Stream” water and 
afterwards making its way northwards again as an air-current 
which is relatively warm in its lowest part. A detailed 
survey of the wind-vectors and curves, and of the 
synoptic charts, shows that the maxima of cloudiness 
especially appeared in southerly winds which transported 
air that had first passed the cold parts of the sea and then 
the warm areas before returning northwards (see e. g. 
July 13th, 21st and 24th). 

With northerly winds the air would mostly come 
directly from the cold regions without having been heated 
for any length of time. We have previously mentioned 
that such air must make the observed temperature and 
humidity sink. At the same time the cloudiness will 
become relatively small if the cold air dominates up to 
high altitudes, because the upper air is not sufticiently 
moist for the formation of thick clouds. As time goes 
on the cloudiness will probably increase, owing to the 
instability. This cloudiness, however, which is due to 
local ascending “currents” through unstable air, gives the 
typical broken sky with Cu and CuNb and seldom com- 
pletely overcast heavens for any length of time. 

On July 18th the wind was north-westerly in the 
afternoon, nevertheless the air temperature rose and the 
humidity increased to such an extent that even a light 
fog was formed and low clouds covered the sky. The 
charts for July 18th and 19th show, however, that the 
air had originally come from W or SW and only made 
a short visit to the north, keeping a relatively high 
temperature -and probably being very humid for some 
distance upwards. The fog had probably been formed 
further to the north. 

In our first series of observations, to the south of the 
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Azores (p. 76*), the wind came mostly from between north 
and east, and the air was essentially in a state of instability. 
We were within the precincts of the North East Trade 
winds with their relatively dry air, generally with no great 
extension of clouds (the scale for cloudiness is larger in 
this series than in the others). The A-curve for cloudiness 
shows variations which seem to be rather irregular without 
any definite connection with the variations either of 
humidity or of wind. 

During the fourth series of observations (p. 82*) the 
sky was overcast nearly all the time except in the neigh- 
bourhood of Scotland and Norway. The upper air was 
probably very moist, having come more or less directly 
from the Atlantic as “old sea-air’’. 

The divergencies from the daily means demonstrated 
by the B-curves correspond in most cases to the variations 
in wind velocity. It should be remembered that the wind 
direction, and not only the velocity, may vary at the level 
of the clouds as compared with the stratum at the sea 
surface. Full agreement, therefore, cannot be expected. 
An increase of wind, however, especially along our route 
from America to Europe, meant in the majority of cases 
the proximity of depressions, and therefore great cloudiness. 
An increase in wind velocity may often cause an alteration 
in the state of equilibrium. We accordingly find, that 
the variations in wind-velocity and cloudiness exhibited 
by the B-curves generally went nearly parallel when 
there were “northerly” winds (e. g. June 6th to 12th), 
while with “southerly” winds (e. g. June 22nd to 25th) 
the variations were liable to be reversed. 

The variations were sometimes apparent earlier in the 
cloudiness than in the wind. This is partly due to the 
fact that the wind-velocity may be much greater at the 
cloud level than at the surface, and partly to the fact that 
the estimation of the cloudiness embraces wider areas. 


11. The Interaction of the Ocean and the 
Atmosphere. 


The observations dealt with here were made in June 
—August 1910 only, and were locally restricted to some 
few lines. The results set forth above are therefore, 
strictly speaking, very limited in regard to time and 
locality. They seem, however, to give a fairly systematic 
and clear view of processes taking place between the sea 
and the atmosphere, so they probably possess a more 
general application, all the more so because they coincide 
in many respects with results already known. We proceed 
to give a general review of these processes, along the 
lines of the detailed discussion in the previous sections. 


14 BJORN HELLAND-HANSEN 


[REP. OF THE “MICHAEL SARS” NORTH 


To begin with we may lay down following propo- 
sitions: 

The conditions in the atmosphere have a dynamical 
and a thermal effect upon the ocean. Dynamically, the 
essential direct effect is the creation of wind-currents, and 
of convection currents due to local variations of precipi- 
tation and evaporation. The wind pushes the surface 
water forwards, generally in a direction cum sole from 
the direction of the wind. The water is displaced from 
its normal} position by variations of the wind, and such 
displacements may be recognized in annual or monthly 
averages from fixed geographical areas. The geographical 
variations of) precipitation and evaporation on the one 
hand and of temperature on the other will, upon the 
whole, give a certain positive correlation between tempe- 
rature and salinity. In the North Atlantic these quantities 
as a general rule increase or decrease simultaneously (cf. 
section 18). We shall mostly find that the isohalines and 
the isotherms, even at the surface, go parallel, and that 
a close agreement between the variations in salinity and 
temperature is established. 

The thermal effect of the atmosphere upon the sea 
is chiefly of two kinds: indirectly by the variations in 
transparency which will evoke variations in the quantity 
of solar radiation absorbed by the sea and of radiation 
from the sea, and directly by the heating or cooling effect 
of the air by its contact with the water. Investigations 
have shown that, on an average, 2/3 of the solar radiation 
penetrating into the atmosphere is absorbed by the latter, 
while the rest reaches the sea or the solid crust of the 
earth. The solar radiation is subject to variations, as is 
also the quantities of solar radiation absorbed by the 
atmosphere in proportion to the total radiation. The 
variations in atmospheric absorption create variations in 
air pressure and winds, and thereby indirectly affect the 
ocean currents. The variations in oceanic absorption 
affect the temperature of the sea directly and give rise to 
various hydrographic variations (thermally and dynamically), 
The direct thermal effect of the atmosphere upon the sea, 
due to contact between the two elements, is but small 
when observed for a brief period, but the cumulative 
effect may be rather substantial, especially as regards the 
cooling in winter. 

The sea must, on the other hand, exercise a powerful 
influence upon the atmosphere. The air at the sea surface 
very quickly adopts a temperature which is near that of 
the sea. The consequence is that the air temperature 
above the ocean will show on an average much the same 
distribution as the surface temperature. The comparatively 
slight differences of temperature between water and air 
are however of the utmost importance to the atmospheric 
processes. A positive difference (sea temperature minus 


air temperature) means a state of instability whereby the 
heat as well as the moisture will be propagated upwards 
into the atmosphere. This process is highly intensified 
by turbujence, and the amount of heat or moisture carried 
to distant regions and released there depends to a great 
extent upon the wind velocity, as well as upon the value 
of the temperature difference. In the state of instability 
the total amount of moisture (or the evaporation from 
the sea) tends to increase, although the humidity méasured 
on board a ship may show a decrease, at any rate to 
begin with, under ordinary circumstances. A negative 
difference of sea temperature minus air temperature means 
stability. The cooling of the atmosphere will not be 
propagated as quickly upwards as the heating in the former 
case. It is limited to a thinner stratum, in the lower 
part of which the relative humidity rises, ultimately with 
the effect that the evaporation decreases, or even comes 
to a stand-still. The cooling of the air from the under 
surface will, therefore, quantitatively have little effect upon 
the atmosphere in comparison with the heating. As the 
sea-surface in most regions and during the greater part 
of the year is warmer than the air, the levelling influence 
of the sea upon the climate must be a levelling “upwards” 
as far as temperature and precipitation are concerned: 
the sea gives on an average a higher temperature (not 
only a smaller amplitude) and a greater precipitation. 

One consequence of the above conclusions is that 
there is an intimate connection between the surface 
salinity, the surface temperature, the air temperature, the 
humidity, and even to some extent the cloudiness. The 
relations between these various elements are modified by 
the variations in wind, which (at least to a great extent) 
means the variations in solar activity and in the absorp- 
tion-conditions of the troposphere. 

The atmospheric conditions tend to be relatively 
uniform above an oceanic region with but slight differences 
in temperature. Places where abrupt hydrographic changes 
exist, however, are the scene of many and rapid mete- 
orological variations. Such a region is found along the 
northern border of the “Gulf Stream” across the Atlantic. 
Even short displacements of the air may here create 
pronounced stability or pronounced instability with corres- 
ponding variations in heating effect, evaporation and 
cloudiness. It is especially important that a comparatively 
high degree of instability is often evoked by “Polar” air 
coming into the “Gulf Stream” area. A great deal of 
water vapour will thereby come into the atmosphere. 
When more than ordinary quantities of such ‘Polar’ 
air move across the warm areas of the North Atlantic and 
proceed to Northern Europe we may expect to find, on 
the average, in the latter region a surplus of rainfall with a 
reduced annual amplitude of air temperature; possibly this 


effect will be even more marked than in the case of 
constant flow of “Equatorial” air, because this would 
have been subject to continual cooling and therefore be 
in a state of stability. In the latter case, however, an 
encounter with “Polar” air would give a vertical com- 
ponent upwards, with a resulting condensation and rainfall. 
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In view of what has been said above it seems very 
desirable to establish closer and more general co-operation 
between physical oceanography and meteorology than 
has hitherto existed.') 


Ii]. SUB-SURFACE ‘TEMPERATURES, SALINITIES, 
and DENSITIES (METHODS). 


12. The Temperature Observations. 


In by far the greater number of cases the sub-surface 
temperatures were observed by means of reversing ther- 
mometers obtained from C. RicHTer in Berlin. The ther- 
mometers were carefully tested, and new determinations 
of the zero-point were made on April 9th. Almost without 
exception the best thermometers worked excellently. In 
one of the water-bottles the same two thermometers 
where used simultaneously 517 times. The difference 
between the corrected temperatures was 


0 in 179 cases 
CULM 1228: 
O:02 25 eGo. 5 
(CHOSE or DOS 
above 0-03° , Agr, 


The average difference was less than 0-01° and the 
mean error about + 0-005° C. 

The determinations with each thermometer are stated 
separately in Table II. The thermometers were always 
allowed 3 minutes or more at the depths of observation 
before they were reversed. The thermometers were read 
by means of a magnifying lens [cf. HELLAND-HANsEN, 1912, 
for further particulars as to the reading and correction of 
the thermometers]. 

PETTERSSON-NANSEN’s insulating water-bottle was used 
at some stations, viz: 


Stat. 10, 183 metres (the first observation, at 14" 41™) 

274 m, 640 m. (the second observation, at 
15" 50™), 914 m. (the first observation, at 
PAN PL) ang or2 mm: 

» 10A, 1829 metres. 

peo seAT OO: + x 

» 97 — 116 (inel.), for all sub-surface obser- 

vations. 


In these cases a NANsEN-thermometer, fixed tightly 
in the lid of the water-bottle, was used for the temperature- 
determinations, generally together with a reversing ther- 
mometer placed in a special frame on the water-bottle. 
The readings of the NANsEeN-thermometers were corrected 
for the adiabatic cooling of the water-sample and the 
water-bottle as well as for instrumental error. The cor- 
rected temperatures recorded by the NANSEN-thermometer 
are marked with an asterisk in Table Il, in the case of Stations 
97 — 116. In the case of the other stations mentioned 
above, the asterisk was inadvertently omitted when prin- 
ting the Tables. Where a determination with a reversing 
thermometer was also made, the temperature is printed 
in the Tables below that recorded by the Nansen-ther- 
momieter. 

The same Nansen-thermometer (made by MiiLLeR in 
IImenau) was always used in the PETTERSSON-NANSEN 
water-bottle. By determinations of the zero-point on April 
9th the reading in pure melting ice was —0-027° C, 
and the relative corrections for other parts of the scale 
were known from earlier determinations. When the ther- 
mometer was used at Stat. 10 it was observed that a 
small drop of mercury had detached itself and come 
into the upper enlargement of the thermometer. It could 
not be brought back again by simple means available on 
board. When the thermometer was used afterwards, it 
was observed that the small drop apparently remained 
constant. After the return of the Expedition to Bergen 
it was found that the reading of the thermometer in pure 
melting ice was —0-09° C, the drop thus corresponding 
to 0-06°. 


1) During the “Armauer Hansen” Expedition to the eastern part 
of the North Atlantic in the summer of 1922 very extensive mete- 
orological material was collected in close connection with hydrogra- 
phical observations. This work was to a great extent inspired by 
the results of the “Michael Sars’’ Expedition. 
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13. The Water-Bottles. 


For collecting water-samples from beneath the surface 
Ekman’s reversing water-bottle, PETTERSSON-NANSEN’S in- 
sulating water-bottle, and NANSEN’s automatic water- 
bottle were used. 

EkmAn’s water-bottle was used in by far the greater 
number of cases from the beginning of the cruise until 
July 27th (Stat. 96). The exceptions at Stats. 10, 10 A, 
and 91 have been mentioned in the preceding section. 
Descriptions and illustrations of the instrument will be 
found in papers by Ekman [1905] and HeELLAND-HANSEN 
[1912], and we shall here only mention the following. 
The water-bottle consists of a brass cylinder pivoted on 
an axis in a metallic frame. The lids at the ends of the 
cylinder are closed or opened as the cylinder turns, by 
two pairs of eccentric rods. When closed the cylinder 
is caught and held by a hook. During the “Michael 
Sars” Expedition it sometimes happened that the hook 
did not catch, because the eccentric rods had become 
somewhat bent, or the rubber plates on the lids were a 
little out of position. A note was always made in the 
journals when this happened. By the titrations made at 
Gibraltar it was proved that the water-samples in such 
cases were quite worthless, the salinity found being that 
of the water near the surface. Afterwards no samples 
were drawn when the water-bottle was not perfectly 
closed. We had two sizes of the Ekman water-bottle. The 
larger one was almost always used until it was lost 
by an accident at Stat. 88. 


The smaller one was used for some few observations 
before this station, and for Stats. 88—96. At Stat. 96 
the tube for the reversing thermometer was lost. The 
water-bottle was, therefore, not used for the later obser- 
vations. The Exman water-bottles were constructed for 
use in series with two or more on the line simultane- 
ously. On the “Michael Sars” Expedition, however, we 
used only one at a time, except at some few stations, 
because it was found that two apparatus together did not 
work quite satisfactorily in our case. 


A description of the PeTTErssoN-NANSEN water-bottle 
will be found e. g. in publications by NANsEN [1901], 
EKMAN [1905] and HELLAND-HaNSEN [1912]. It was used 
at Stats. 10, 10 A, 91, 97—116, (cf. sect. 12). 


NANSEN’s automatic water-bottle [EkKMAN 1905, HEL- 
LAND-HANSEN 1912] was only used at Stat. 13 when the 
ship lay still. The depths of observation were measured 
by the meter-wheel, and compared with the indications 
of the bathymeter in the water-bottle. As this bathymeter 
proved not to work satisfactorily the water-bottle could 
not be used when the ship was moviny. 


Exman’s and PETTERSSON-NANSEN’s water-bottles were 
operated by means of messengers. From a number of 
experiments it was found that our messengers fell along 
the line at a speed of about 4 m. per second. In the 
journals the time when the messenger was sent off was 
always noted. 


14. The Water-Samples and Their 
Treatment (Titration). 


The water-samples were mostly collected in glass- 
bottles with a patent stopper. During the latter part of 
the investigations we had no more bottles of this kind 
left, and had to use ordinary medicine bottles of 150 to 
250 ce. volume with cork-stoppers for some of the 
surface-samples collected in the last days of July, and for 
all samples collected in August (/. a. Stats. 97—116). 
Shortly after such a bottle was filled, the stopper and the 
neck of the bottle were carefully covered with paraffin 
wax in order to prevent evaporation from the sample. 

The water-samples were titrated in the way described 
in “The Ocean Waters” [HELLAND-HansENn, 1912]. 

Bulb-burettes were used. Some of them were 
specially made for the Expedition with a division from 
18-5 to 22 corresponding to the high values of chlorinity 
found in many of the waters to be examined. The unit 
of division embraced 2 cc. and the readings could easily 
be exact within 0-005 units. Titrations of the samples 
from the first part of the cruise, until Stat. 17, were made 
ashore in Gibraltar when the “Michael Sars’ visited that 
harbour. The samples from the subsequent stations up 
to Stat. 34 were examined in La Luz (Gran Canaria) 
18—21 May, 1910. All other water-samples were titrated 
in Bergen during the following autumn-and winter-months. 
By far the larger number of samples from serial 
observations at stations and a number of the surface- 
samples were examined twice or more, some of them even 
5 or 6 times. All samples were titrated by the author of 
the present paper; the second titrations were to a great 
extent made by Mr. I. C. GronpanL. The mean error 
for the sub-surface samples hardly exceeds 0-01 °/oo of 
salinity. 


15. Time. Depths of Observations. 


The direct results of the serial observations will be 
found in Table II (pp. 21*—33*) where the first column 
contains the time when the water-bottle was actually closed 
or the thermometer reversed at the depth of observation. 
The time is given as local mean time (L. M. T.), being 
converted from the ships’s time (S. T.) which has been 
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used for the surface-observations in Table I. Surface- 
observations belonging to vertical series are entered in 
both tables, but the times recorded are not identical. 

The next two columns of Table II give the depth of 
observation in metres (m) and English fathoms (f). Time 
did not permit us to test the meter-wheels before the 
Expedition started. Towards the end of the cruise, how- 
ever, the meter-wheels that had been used were carefully 
tested. It was then discovered that all of them were 
correct except one, which unfortunately was just the wheel 
mostly used for the hydrographic work. The correction 
amounted to about 8-5 °/o, and the indication had to be 
reduced by this amount in order to give the correct length 
of wire let out. This means that a reading of e. g. 200 m. 
corresponds to a length of 183 m. or 100 English fathoms. 
In all cases where this meter-wheel has been used, we 
have corrected the readings by taking half the reading as 
the actual length of wire in English fathoms and converting 
this length into metres. The final error will not amount 
to aS much as 1 °o of the depth provided that the line 
hung vertically. Much attention was paid to the attaining 
ofa vertical position by the wire. We succeeded practically 
always in avoiding any deflection of the wire exceeding 
10° from the plumb-line when working with the water- 
bottle, as the “Michael Sars’ could fairly easily be 
manoeuvred and brought to the right bearing and speed 
in relation to wind and current. 


16. Standard Depths. 


Owing to the above-mentioned defect in the meter- 
wheel the depths of observation are in most cases 
unsuitable. For comparison with other observations and 
for the discussion of the results it is very useful to have 
the various data referred to certain integer-numbers of 
metres. Which depths ought to be selected, depends upon 
the vertical variations. For the North Atlantic as well as 
for oceanic regions generally it is desirable that the data 
should be related to the following depths: Surface, 10, 
25, 50, 75, 100, 150 metres; every 100 metres from 200 
to 1000 m.; every 200 from 1000 to 2000 m.; 2500 m., 
3000 m. and for greater depths every 1000 m. These 
depths will be called standard depths [cf. BJERKNES, 1910, 
p. 6]. When taking observations at these depths the 
vertical variations will in all probability be represented 
with sufficient accuracy. In coastal waters or in other 
conditions in which the variations in the upper strata (as 
e. g. within the Polar currents) are comparatively large, 
it may be desirable to have smaller intervals of depth 
for the upper 100 metres; in such cases the data ought 
to be stated for every 10th meter down to 100 metres, 
in many cases also for 5 metres below the surface. For 


our observations from the ‘Michael Sars” Expedition the 
former series of standard depths will suffice in by far the 
largest number of cases. Within the precincts of the 
Labrador current the vertical variations may be very great. 
They will be seen from the station curves and the vertical 
sections. The observations have been converted into data 
for the above mentioned standard depths by graphical 
interpolations and the new values found are published in 
Table III. 

In general, it would be an advantage to have data 
recorded for these standard depths in hydrographical tables. 


LY 


For the interpolations for standard depths the serial 
observations from all the “Michael Sars” stations have 
been plotted out on mm-paper, with the depths along the 
ordinate and temperature, salinity and density along 
the abscissa. 1 mm on the paper represented 5 m. of 
depth, 0-:05° C., 0-01 °/oo of salinity, and 0-01 oy. 

When 2 out of the 3 quantities, temperature, salinity 
and density, are known, the third can be computed. The 
3 curves must, therefore, correspond at all points in such 
a way that any one curve is determined by the two others, 

It is mecessary to check the result by the graphical 
interpolation. For instance, we must make sure that the 
density found from the density-curve is exactly the 
density defined by the salinity and temperature found 
from the other curves. In many—probably in most— 
cases it will be found that the demand for adequacy is 
not fulfilled by the first drawing of the curves, though 
the errors will be small and easily corrected when rather 
numerous points are given from observations both of 
temperature and of salinity. If there is a great difference 
in depth between the observations it is more difficult to 
attain adequacy. 

The water-layers within a comparatively uniform region 
of the ocean generally exhibit a density-curve of definite 
and almost constant shape. The station curves on pp. 
65*—72* show many examples of this. If, then, the 
temperature observations are so numerous that the tem- 
perature-curve can be constructed with sufficient accuracy, 
any missing salinities may be found in a fairly trustworthy 
manner by means of this temperature-curve and the probable 
density-curve. If there are but few observations of tem- 
perature and salinity it is impossible to arrive at a Satis- 
factory result unless the general characteristics of the 
water-layers are known from other stations within the 
same region. In that case the final results may be quite 
good, but the mutual checking and correction of the 
curves will take considerable time [ci. HELLAND-HANSEN, 
1916]. 


Graphical Interpolations. 
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The following examples may be given. At Stat. 25 B 
a temperature-observation was made at 800 m., but no 
determination of salinity. The curves will be found on 
p. 66%. The density-curve and the temperature-curve are 
probably correct. The salinity-curve was constructed in 
correspondence with these curves, in the way shown by 
the continuous line in the figure, showing two secondary 
maxima, at about 800 m. and at a little less than 1 200 
m. The broken curve is drawn as it would have been 
without regard to the other two curves. The difference 
between the two salinity-curves is quite significant, the 
greatest difference corresponding to about 0-08 °/oo. — At 
Stat. 68 (p. 71*) we have temperature obseyvations but 
no Salinities at 457 and 549 m. The temperature-curve 
seems to be well defined and does not leave room for 
any doubt. This station should especially be compared 
with Stat. 65. A comparison between the two stations, 
and the fact that in these regions — as in most parts of 
the ocean — a temperature-curve and a density-curve 
generally show similar variations, renders it highly 
probable that the density-curve should have a form 
such as that shown in the figure. It follows that the 
salinity-curve for depths between 300 and 600 m. must 
be drawn in quite a different manner than what it 
would be if drawn solely from the few observations of 
salinity, the maximum difference representing about 0-20°/oo. 

All the serial observations from the “Michael Sars” 
Expedition have been treated in this way by the inter- 
polation for standard depths, and it is not probable that 
any considerable errors exist in the values of temperature 
and salinity published in Table III]. The errors are cer- 
tainly quite minute as far as densities are concerned. This 
is due to two facts: the densities (without compression) are 
practically always increasing, or constant, everywhere from 
the surface downward to the bottom of the sea, even 
though there may be considerable variations in temperature 
and salinity; — and the density-curve usually has a com- 
paratively regular form with only small differences in 
“constructive” details within the same region of the ocean. 
This holds good also for the other data in Table III: 
stability, pressure, etc., as they depend essentially upon 
the densities. 


18. Correlation between Temperature and 
Salinity (Salinity-Anomaly). 


Mention was made above (sect. 7) of the fact that, 
upon the whole, a certain positive correlation exists between 
temperature and salinity in the surface waters of the North 
Atlantic. High salinity is generally connected with a high 
temperature, and low salinity with a low temperature. 
The salinity variations are chiefly due to variations in the 


difference between evaporation and direct or indirect 
precipitation. The variations in temperature are essentially 
due to the difference between heat absorption and radiation. 
Even if heat is consumed by evaporation, the correlation 
mentioned indicates that in the North Atlantic the heat 
absorption is generally in excess where the evaporation 
is predominant. There are, of course, many exceptions 
to the general rule as far as the surface waters are con- 
cerned. Thus we often find that the diluted surface water 
near the coasts is comparatively warm in summer, so that 
much the same temperature may be met with in water 
of widely different salinity. The seasonal variations are 
generally greater in temperature than in salinity, so that 
the correlation will alter with the season as far as the 
surface is concerned. 

In spite, however, of the manifold variations in the 
climatological conditions we shall find the above- 
mentioned correlation rather distinctly shown when we 
plot out on millimeter-paper the corresponding values of 
temperature and salinity. This has been done for the 
surface-observations of the ‘Michael Sars” Expedition in 
the North Atlantic proper, with the result shown in the 
figure on p. 73*. In this figure the following marks have 
been used: a recumbent cross (>) for the observations 
between the English Channel and Gibraltar, a ring for 
those between Spain and the Canary Islands, a triangle 
for observations along the route from the Canary Islands 
to the Azores, a standing cross (+-) for those between the 
Azores and Newfoundland, and, finally, a black dot 
indicates that the observation has been made on the route 
from Newfoundland to the British Isles. It will be seen 
that the marks have quite a distinct distribution, which is 
especially the case within the separate groups for limited 
locality and time. 

The variations in temperature and concentration of 
the water are predominantly started from the sea surface. 
Of especial importance are the vertical convection “‘currents”’ 
in winter, which may proceed far downwards in homohaline 
waters. The effect on the temperature will upon the whole 
be inversely proportional to the depth reached by the 
vertical convection “current”. The conduction of heat 
from above in summer is very slow. Ata depth of some 
few hundred metres the seasonal variations are, therefore, 
quite insignificant. In general, they may be ignored at 
200 metres and deeper (cf. chapter VI). 


The intermediate and the deep waters are very 
conservative as to their physical properties. Practically 
speaking they are only altered by mixing processes. Where 
very different currents meet and mix the alterations 
may, of course, be considerable, as e. g. in the sea 
W. of the Gibraltar Strait where deep water from the 
Mediterranean is poured into the water-masses of the 
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North Atlantic. The former water has an extraordinarily 
high salinity (above 38 °oo) because the evaporation in 
the Mediterranean is in great excess compared with the 
dilution by river-water and rain, while the temperature is 
only about 13° C due to the winter-cooling of the 
surface (in the 4Egean Sea). At this temperature the Atlantic 
water would have a salinity below 36 oo. The heavy 
water from the Mediterranean sinks in the Atlantic, while 
strong mixing processes take place, resulting in mixed 
water with a high salinity as compared with the temperature. 
Such variations occur, and we cannot, therefore, expect 
to find an invariable ratio between salinity and temperature 
in sub-surface waters. 

The figure on page 75* shows the mutual values of 
temperature and salinity found by all observations from 
the “Michael Sars’’-Expedition, at 20 metres below the 
surface and downwards. Various marks have been used 
according to depth and locality. As to depth the grouping 
has been 20—500, 501—1500, and below 1500 metres. 
As to locality the following groups have been formed: 
1) observations from the English Channel and the Bay of 
Biscay, and along the coast of Portugal (Stats. 1—17), 
2) from Spain southwards, off the coast of Marocco, as 
far as 26° N lat. (Stats. 20—40), 3) from the Canary 
Islands westwards to the Sargasso Sea and thence to the 
Azores (Stats. 44—58), 4) from the Azores along the route 
of the “Michael Sars” (cf. chart p. 63*) in the western 
parth of the North Atlantic as far as Stat. 87 above the 
central ridge (Stats. 59—87), and finally 5) from the latter 
place north-eastwards towards Ireland (Stats. 88—96). 
The fourth group (Stats. 5987) comprises the observations 
from the western part of the North Atlantic, while the 
other four embrace observations from the eastern part only. 

It is noteworthy that the marks for the sub-surface 
observations are chiefly crowded within a relatively narrow 
zone with an even, slightly curved direction. A distinct 
deviation will be seen for temperatures about 10—11°, 
the salinities connected with these temperatures being 
exceptionally high in intermediate water off Spain, Por- 
tugal and Marocco. This is a sign of the influence of 
the Mediterranean in the sense mentioned. 

On the basis of our observations from the summer 
of 1910 i have tried to draw a line representing the 
average relation between temperature and salinity in the 
“ordinary” North Atlantic waters. This line will be seen 
in the figure on p. 75*. In the original drawing a more 
specialized marking of the mutual values was worked 
out. In drawing the line special attention was paid to 
the waters of the western and central parts of the North 
Atlantic where the influence of the Mediterranean or of 
the Labrador current was mitigated. The conditions in 
the upper 100 metres were mostly neglected. A study 


of the figure p. 75* will show that the marks on the 
upper side of the line (relatively high salinities) for the 
most part represent those regions where the influence 
of the Mediterranean is chiefly felt. 

The average correlation between temperature and 
salinity in the North Atlantic as found by us in 1910, 
represented by the “normal” line, cannot be expressed 
by a simple formula for the whole interval between 2° 
and 20° C. A calculation by means of the method of 
least squares has resulted in the following formula for 
the interval between 5 and 15° C. 

S; = 34-737 + 0-038¢ + 0.0029 ¢? 

This formula will nowhere within the interval give a 
greater deviation than 0-01 oo from the value found 
from the curve. 

A variation of 1° C intermediately in the North Atlantic 
will on an average be connected with a variation of 
salinity to such an extent that the density will vary by 
about 0-1 in «, An increase of temperature generally 
means an increase of salinity and a decrease of density. 

The “normal” temperature-salinity curve is reproduced 
on p. 74* in such a way that the corresponding values 
of temperature and salinity can easily be read off. When 
the value of salinity, found from this diagram for some 
temperature observed, is subtracted from the observed 
value of salinity we get a value which may be termed 
salinity-anomaly. It is most conveniently expressed in 
‘/1oo /oo of S, and may be termed /\ S (= 100 (S—S)). 

The salinity-anomaly defined in this way is not an 
explicit expression of the variations. A high (positive) 
value means either a concentration of the water above 
the normal, or a cooling below the normal, or both. A 
jow (negative) value represents either an abnormal dilu- 
tion, or heating, or both. When the calculation of the 
salinity-anomaly is extended to the upper water-layers we 
find relatively high values in winter, as well as at most 
times in regions with an excess evaporation, and we find 
low values at or near the surface in summer on account 
of the heating as well as after a relatively large supply 
of fresh-water from rivers. 

In spite of this ambiguity the salinity-anomaly will, 
however, often give valuable results in regard to the origin 
and evolution of the water-masses, as will be shown 
later on. As it is a combined expression of both tem- 
perature and salinity, irrespective of the absolute values 
of those quantities as well as of the densities, it may give 
numerical values which are useful for revealing conditions 
not easily found by the ordinary methods [cf. HELLAND- 
HANSEN, 1916]. It may also be possible to study long- 
period temperature variations by starting from the salini- 
ties observed and calculating “temperature anomalies” 
(chapter VI). 
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IV. LOCAL VARIATIONS IN GENERAL. 


19. Variations limiting the Validity of 
Oceanographical Observations. 


A question of great importance is, whether or not it 
is allowable to attribute a general and extended represen- 
tative value to serial observations from a single station, 
Variations occur in the sea which restrict the validity of 
serial observations to the exact time and locality of the 
measurements. Although it is a problem which is en- 
countered in most cases when observations of temperature 
and salinity are to be discussed it is as yet very far from 
being solved. In the oceanographical literature far-reaching 
conclusions are sometimes drawn from single series of 
measurements although a short displacement in locality, 
or observations at another time, might have given quite 
different results. 

It is a well known fact that the deep-water (the ‘‘bottom 
water”) forming the greater part of the water-masses in the 
Ocean is remarkably constant in its physical properties. 
The local and temporal variations are essentially restricted 
to the upper water-layers above some 2000 metres below 
the sea surface, and are in many regions displayed only 
in the strata much nearer to the surface. Temperature, 
salinity and density of the upper water-layers as observed 
from a point fixed relative to the sea-bottom are not 
only subject to seasonal and annual changes in a vari- 
able degree, but in many places evidently also to rapid 
changes, within some hours or days. The question of 
these temporal variations forms an interesting problem in 
itself, but may also be of importance to an ordinary 
geographical study of the distribution of temperature, 
salinity and currents. In the latter case the importance 
depends upon the local variations in the physical properties 
of the water-masses. 

It has previously been a common idea that the 
horizontal variations in temperature, salinity and density 
at a certain moment have been fairly evenly graded over 
relatively wide stretches in the great oceans except at some 
few places, as for instance along the border of the “Gulf 
Stream” near the coast of the U. S. A. and the Newfound- 
land banks. This view of the conditions was quite reason- 
able as long as the observations were scattered over large 
areas, with long distances between the stations of obser- 
vation and, consequently, with interpolations for wide 
gaps. As, however, the number of observations has 
increased and a dense net of stations has been worked 
from some deep-sea areas, it has proved that the variations 


in the physical properties and in the movements of the 
water-layers on the top of the deep-water are often much 
greater than was previously assumed. In many regions 
the conditions are often much more “irregular” than they 
at first seemed to be. Relatively short displacements of 
the waters may often occasion quite different results with 
regard to the distribution of temperature, salinity and other 
elements of observation. A small variation in the posi- 
tion of the stations may then also lead to mistakes as to 
the oceanographical changes. It is, therefore, necessary 
to examine the local variations in the sea before we pro- 
ceed to a discussion of the temporal variations. 


20. Local Variations. 


At some distance from the continents the vertical 
vatiations in temperature, salinity and density from the 
sea-surface down to considerable depths are generally very 
small in winter. In summer the heating at the surface 
causes great variations in temperature and density down to 
some 50 or 100 metres. Further downwards the variations 
are mostly smaller. They may in some regions show a 
marked increase again in the lower water-strata on ap- 
proaching the uniform deep-water. The isotherms and iso- 
pycnals exhibit in summer a “‘step’’, so to speak, a little below 
the surface, and sometimes another one, but less pronoun- 
ced, some distance further down (see for instance Stats. 
65 and 68, pp. 70* and 71*). The lower “step” is also 
found in the isohalines. In coastal waters the salinity is 
often relatively low in the uppermost layers so that great 
vertical variations in salinity and density may occur all 
the year round. This is also the case in those regions 
where Polar currents are met with, as for instance at the 
Newfoundland Bank (cf. Stats. 70—74, p. 71*). 

We have seen (section 18) that there is upon the whole 
a marked parallelism between temperatures and salinities. 
This means that the isotherms and isohalines have much 
the same course, which is also more or less parallel to 
the course of the isopycnals. In the eastern part of the 
North Atlantic some irregularities are caused by the water 
coming from the Mediterranean. Here the temperatures 
and salinities at intermediate depths exhibit considerable 
vertical variations which differ from those in other regions, 
while the density-variations show no similar peculiarities 
(see for instance the curves for Stats. 23 and 25 B, p. 66%). 
Disregarding such irregularities it may be stated as a 
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general rule that the lifting of a water-layer will demon- 
strate itself by sinking temperatures and salinities and 
rising densities when the observations are made at a fixed 
depth below the surface, while the sinking of a water- 
layer will cause opposite variations in the observed values 
of ¢, S and O;, 

Layers with great vertical variations are generally 
called discontinuity layers. Although the conduction of 
heat (conduction by turbulence disregarded) and the diffusion 
of salt are exceedingly slow, it is probable that no real dis- 
continuity ever exists in the open ocean. The variations do 
not take place in jumps, but continuously, however at a 
very variable rate. This makes an exact treatment of many 
important problems difficult, or even impossible. For a 
study of some of the temporal variations it is necessary 
to study the rate of variation vertically. For the question 
of vertical oscillations and boundary waves it is of special 
interest to examine the variations in stability. 

We shall enter upon a closer discussion of the stability 
in a later chapter, and now only refer to the numerical 
values of this quantity given in Table III. A negative value 
means a state of lability, 0 indifferent equilibrium, and a 
positive value a state of stability. 108 E = 1000 corresponds 
nearly to a variation of 0-01 of o, per metre. This is a 
relatively large variation in the ocean, and when we obtain 
values of 108 E£ amounting to some thousands we have to 
deal with such water-layers as are generally called “discon- 
tinuity-layers”. From Table III we see that the stability is 
especially large within the region of the Newfoundland Bank 
at depths between 25 and 50 metres below the surface, but 
it is also very considerable (10° E above 2000) at some small 
depths below the surface in the sea west of the Azores 
(Stat. 60, 50—75 m., Stat. 63, 10—25 m., Stat. 65, 50— 
75 m., Stat. 66, 0—50 m.), in the eastern part of our 
northern route between the Atlantic Longitudinal Ridge 
and Europe where the observations were made in July 
(Stats. 87 to 97 incl., especially between 25 and 50 metres 
below the surface), and at some stations in the Rockall 
Channel and the Faeroe-Shetland Channel. The conditions 
at Stat. 115 in the Faeroe-Shetland Channel will be 
specially discussed in the following chapter. 

When we combine all those consecutive points which 
have the same temperature we get an isothermal surface. 
We may construct a number of such surfaces, for instance 
for every degree or every tenth degree centigrade. Similarly 
we may construct isohaline surfaces combining points where 
the same salinity exists, or isopycnal surfaces combining 
points with the same density. In the latter case we shall 
now disregard the compression and deal only with the 
ordinary o,values. When the units are taken sufficiently 
small, the vertical distance between two successive surfaces 
of the same kind will vary. In “discontinuity-layers” 


they come close upon each other, while for instance in 
the deep-water the distance may be comparatively very 
large. 

These surfaces are generally not horizontal, but are 
more or less sloping or may exhibit swellings or depres- 
sions. The deviations from the horizontal may be due 
to currents or to undulations caused by internal waves 
or seiches. In any case such deviations mean more or 
less considerable horizontal variations of temperature, 
salinity and density in the sea. 

A convection current will cause a sloping of the iso- 
pycnal and, consequently, of the isothermal and isohaline 
surfaces. We shall go further into this subject later on, 
and here only mention that, in the Northern Hemisphere, 
these surfaces will be elevated on the left hand side of 
a convection current so that here the water will appear 
to be comparatively heavy, while the surfaces will be pressed 
down and lighter water be found on the right hand side, 
provided that the velocity of the current decreases down- 
wards as is generally the case. The effect is directly pro- 
portional to the vertical variations of the current velocities. 
A convection current with a rapid decrease of velocity 
downwards manifests itself by a comparatively dense series 
of sloping isopycnal surfaces, and consequently also by 
relatively large horizontal variations in a direction trans- 
verse to the current. The slope of the isopycnal (and 
isothermal) surfaces may amount to 1:100 or even more. 

It is obviously a common idea that the great currents 
are rather broad, which would mean that the isopycnals 
are sloping for a correspondingly great horizontal distance. 
Recent: investigations tend, however, to show that at any 
rate some convection currents are much narrower than has 
previously been assumed, corresponding to a sloping of 
the isopycnals which is steeper, but at the same time 
narrower in horizontal direction. We have of late made 
numerous and very detailed investigations of the Atlantic 
Current in the Faeroe-Shetland Channel and the southern 
part of the Norwegian Sea. In some cases stations were 
worked at much closer intervals than has previously 
been done, namely every 3 to 10 miles. It proved 
that in the Faeroe-Shetland Channel at places where the 
velocity of the Atlantic Current was great, the inclination 
of the isopycnals might be limited to the space between 
two neighbouring stations, thus giving a much steeper 
and narrower inclination than would have been found if 
the distance between the stations had been for instance 
20 miles, which would generally have been considered a 
short distance. We have arrived at similar results with 
regard to the Atlantic Current in the southern part of the 
Norwegian Sea (north of Shetland) as also further to the 
north off the coast of Norway. This indicates that a strong 
current may be very narrow, and that very considerable 
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horizontal variations in salinity and temperature may take 
place within astonishingly short distances. There are 
strong indications that also the Great Atlantic Current off 
the coast of North America and across the Ocean towards 
Europe, with its chief branches, is narrower than has hitherto 
been assumed, the mere surface current being excepted. The 
main Polar Currents along the east coast of Greenland and 
off Newfoundland seem likewise to have a great velocity 
only within a very narrow belt, which upon the whole is 
confined to a stretch just outside the edge of the con- 
tinental slope. 

In the “Michael Sars” Expedition we crossed the 
Great Atlantic Current near America south of the New- 
foundland banks and east of the Flemish Cap. The dis- 
tribution of temperature and salinity is illustrated by the 
sections pp. 91* (the lower section), 92* and 93*. The 
physical and dynamical conditions in this area will be 
discussed later on in this paper, and we shall here only draw 
attention to some features connected with what has been 
said above. The sections just mentioned show very steep 
inclinations of isohalines and isotherms. The distance 
from one station to the next within the area in question is 
between 90 and 250 kilometres, being so great that 
important variations may have escaped observation, or 
that the inclination may have been considerably steeper 
than shown in the sections. We shall here consider 
especially the last section, from the Flemish Cap eastwards 
(p. 93%). Stat. 81 was worked in the forenoon, July 12th. 
After some hours of tow-netting the observations were 
repeated at several depths, the new series being numbered 
81 A. As far as it can be made out, the horizontal distance 
between the two series was only 10—12 kilometres, but 
the vertical distribution of temperature, salinity and den- 
sity was very different. At Stat. 81 we observed at 549 
metres 9-46° C, 35-16°/,, of salinity, and o,—27-19. At 
Stat. 81 A much the same values were found at 457 metres 
(9-45° C, 35-14°/,,, o=27-18). Allowing for small errors 
in the determinations of salinity we may safely say that 
the water found at 549 metres in the first series of ob- 
servations was situated nearly 90 metres higher in the last 
series. There is a possibility that these variations may be 
due to vertical oscillations, but such an explication is not 
at all likely to be the right one. Both series have been 
used for the construction of the isohalines and isotherms 
in the section, with the result that a steep inclination of 
the curves appears at this place. It is, now, interesting to 
notice that the shape of the curves thus obtained fits 
remarkably well with the surface observations on both 
sides of Stats. 81—81 A. Between Stat. 80 and Stat. 81 
we met with a maximum of temperature at the surface 
corresponding to the downward bend of the curves in the 
section. East of Stat. 81 A we encountered a minimum 


of surface temperature corresponding to the convexity of 
the curves in the section. In this case we may corroborate 
the surface observations with vertical series and obtain a 
somewhat safe construction of the curves also for the 
intervals between the stations. It is very doubtful whether 
a similar construction would have been accepted when 
based upon the surface observations only. Now the con- 
sequence is that the section exhibits a deep and marked 
bulk of water with high temperatures and salinities, evid- 
ence that the Great Atlantic Current makes a curious 
serpentine bend in this region (it is not visible in the small- 
scale charts as for instance that on p. 96%). Such details 
may be of the greatest importance to our understanding 
of the physical and dynamical conditions in the ocean, 
but may easily escape observation through the generally 
much too open-meshed net of stations. 

Large eddies and horizontal vortex movements are very 
conspicuous in the Norwegian Sea, and are probably quite 
common in many parts of the Ocean [HELLAND-HANSEN 
and NansEN, 1909]. In August 1910 a number of stations 
were taken in the Faeroe-Shetland Channel from the “‘Mi- 
chael Sars” and the Scottish exploration ship ““Goldseeker’. 
Leaving the discussion of the results to a subsequent chap- 
ter, I shall here only mention that the distribution of tem- 
perature, salinity and density was very complicated, great 
horizontal variations being observed within short distances. 
The observations may, however, be combined in such a way 
that a plausible series of vortices is indicated, which makes 
the intricate variations quite intelligible. Similar studies 
have not previously been made in the North Atlantic 
except in some small areas. When working up the results of 
the “Armauer Hansen” cruises, Professor NANSEN and I 
[1926] have found great and numerous variations in those 
parts of the eastern North Atlantic where many stations 
have been taken in the course of time. The variations 
may to a great extent be accounted for in a reasonable 
way on the assumption of vertical oscillations, but it is 
most likely that eddies also enter as an ordinary part in 
the features of these regions. 

Great and rather abrupt local variations due to cur- 
rents and eddies make the utilization of serial obser- 
vations from stations far apart very limited and many 
apparent results quite illusory. Even a short displacement 
may alter the results very appreciably. In those places 
where relatively many stations have been worked, an error 
in the determination of the ship’s position may cause 
considerable error in the deduction of results. For further- 
ing our knowledge of the physical and dynamical condi- 
tions in such oceans as the North Atlantic, observations 
scattered over the greater part of the ocean are now, upon 
the whole, of comparatively little value. What is needed 
is a detailed survey of the different regions. Even such 
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an important phenomenon as the Great Atlantic Current 
between America and Europe is probably very different 
from what is now generally believed, but the real conditions 
cannot be cleared up properly unless special investigations 
are made, with a very close net of stations. The ‘Michael 


Sars” observations from the North Atlantic are much too 
scattered to solve important problems, and the graphical 
representation of them in charts and sections, as well as 
the discussion, must for the greater part necessarily be 
rather schematic. 


V. SHORT-PERIOD OSCILLATIONS. 


21. Observations from the North Atlantic. 


Earlier observations in the North Polar Basin and the 
Norwegian Sea had shown that even in the deep sea the 
repetition of a vertical series of observations sometimes gave 
results which differed from the first series with regard to 
the distribution of temperature, salinity and density [cf. 
HELLAND-HANSEN and Nansen, 1909]. A certain tempera- 
ture or salinity might be observed at asomewhat different 
level than found a relatively short while before. The phe- 
nomenon appears as a vertical displacement of the water- 
layers and may represent real vertical oscillations, caused 
by internal waves or other motions with a vertical com- 
ponent. In those places where the horizontal variations 
are great a purely horizontal displacement may, however, 
have the same effect upon the values observed. It may 
also be mentioned that it is not unlikely that the flowing 
water-masses occasionally are heterogeneous, showing 
variations in temperature and salinity with constant density. 
In such cases repeated observations at a fixed station may 
exhibit variations in the two first named elements without 
any dynamic significance. 

In the “Michael Sars’ Expedition observations at 
different depths were repeated at several stations, though 
not systematically except at Stat. 115 in the Faeroe-Shetland 
Channel. The observations are recorded in Table II. 
From the North Atlantic we have the following obser- 
vations of this kind: 

Stat. 10 in the Bay of Biscay, N. of Cape Finisterre. — 
At 193 metres practically no variations in 3 hours. — At 
640 metres in 1-7 hours: no variation in salinity, which 
had the same value as at 457 metres. The last temperature 
observation was made by means of a Nansen-thermometer 
in an insulated Pettersson-Nansen water-bottle, showing an 
increase of temperature of 0-23° C and accordingly a de- 
crease in o, of 0-04 units. The observations may indicate 
a considerable sinking of the water-layers (about 65 metres 
calculated from o,). — At 914 metres in 1-3 hours: decrease 
of salinity and density, corresponding to some 20 metres’ 
sinking of the water-layers when calculated from the 
o, variations. 


Stat. 25 B in the Cadiz Bay, S. of Cape St. Vincent. 
— At 366 metres in 3-2 hours: increase of temperature 
and salinity, «, practically constant. The vertical variations 
are rather small, especially in o,. The observations may 
indicate a sinking of the water-layers of some 15 metres 
at this depth. 

Stat. 51, more than 500 naut. miles SW. of Fayal 
(the Azores). — At 400 metres in 0-8 hours: no variation 
in o,, but a small decrease of temperature and salinity 
(corresponding to a lifting of the water-layers of about 
3 metres only). 

Stat. 63, in the outskirts of the Sargasso Sea. — At 
64 metres: at first, in 4-1 hours, an increase of temperature 
(0-28° C, corresponding to a sinking of the water-layers 
of about 6 metres), a decrease of salinity and density 
(doubtful), and then, in 1-8 hours, a decrease of tempera- 
ture (0-13° C, corresponding to a lifting of about 3 metres). 
— At 457 metres: in the first 4-8 hours small variations 
in temperature and density, none in salinity. In the 
following 1-8 hours decrease of temperature and salinity, 
increase of density (about 13 metres’ lifting of the water). 
— At 732 metres: no variations in the first 2-8 hours. 
In the following 1-8 hours increase of temperature and 
salinity, constant density. 

Stat. 68, about 450 naut. miles SE. of Cape Race. 
— Several measurements were made at about 900 metres, 
but nothing definitely can be deduced from them. Due 
to strong wind and current the wire could not be brought 
in a vertical position; the depths recorded in Table II as 
896, 901 and 905 metres are reduced from 914 metres on 
account of the inclination of the line. The 5 observations 
in question were made during 4:3 hours. Vertical oscil- 
lations of the water-layers have probably been quite in- 
significant if occurring at all. 

Stat. 92, SW. of Ireland. — At 1006 metres in 2-9 
hours: a small decrease of temperature and salinity in- 
dicates a lifting of the water-layers, while a simultaneous 
decrease of density indicates a sinking, so that nothing 
definite can be deduced from the observations. 

The various data given above together with the ap- 
proximate values of 10§ £, are here brought together: 
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Time of Variation 

Stat. el Variation. in Depth. ates 
Hours. Metres. z 
10 197 3 0 0 
640 1-7 65 down 40 
914 1:3 20. 100 
25 B 366 3-2 1b 50 
51 400 0.8 3 up 130 
63 64 4.1 6 down 650, 
7 1-8 3 up = 
457 4.8 0 150 
. 1-8 13 up 1 
732 2:8 0 260 
oe 1-8 ORE? FF 
68 900 4.3 0 ? 200 
93 1006 2-9 Ole 80 


The values found for the variation in depth are very 
uncertain. They may indicate that variations of this kind 
upon the whole are rather insignificant in the North Atlantic 
Ocean except in regions near the continental slope (Stats. 
10 and 25 B). 

The observations recorded above show no definite 
connection with the variations in stability. It is true that 
repeated observations have not been made within those 
water-layers where the stability has had a maximum and 
where boundary waves may be most likely to occur. At 
Stat. 63 near the outskirts of the Sargasso Sea the stability 
was: very great in the upper water-layers, especially be- 
tween 10 and 25 metres below the surface where we 
may speak of a “discontinuity-layer”’, and also at the 
depth of 64 metres the stability was very pronounced. 
The oscillations indicated at the latter depth may be real and 
suggest a more prominent primary wave at a higher level. 

Our observations from the North Atlantic in 1910 
offer only a meagre material for studying the problem of 
vertical oscillations or quasi-oscillations. Later on more 
observations have been obtained from the eastern North 
Atlantic, though not at all satisfactory for our purpose. 
After a thorough discussion of the various data available, 
Professor NANSEN and the present author [1926] have come 
to the conclusion that considerable vertical oscillations 
may occur in some regions especially near the continental 
shelf and banks, and that these oscillations are possibly, 
or even probably, connected with the tidal phenomenon, 
strong evidence being found for 12 hour (lunar) and 
24 hour periods. The semi-diurnal period seems to do- 
minate near the banks, at any rate in some water-layers, 
while the diurnal period is predominant farther out in the 
sea. The oscillations at some depths may be inverse to 
those at other depths (difference of phase 180°). 

It is probable that some of the ‘Michael Sars” stations 


in the North Atlantic have been taken at places and times 
when vertical oscillations or quasi-oscillations have occur- 
ted, so that the serial observations do not represent the 
average conditions. For the greater number of the stations, 
however, this eventuality is not likely to be of any con- 
sequence. 


22. Experiments in the Faeroe-Shetland 
Channel. 


In the Faeroe-Shetland Channel special observations 
were made for a study of possible short-period variations 
in the vertical distribution of temperature, salinity and 
density. After a discussion of the results obtained from 
the Norwegian Sea, at a meeting in Copenhagen in August 
1909 of the International Council for the Exploration of 
the Sea, it was agreed that investigations of submarine 
waves etc. should be performed if possible in the Faeroe- 
Shetland Channel, by means of the Danish, Scottish 
and Norwegian research ships. From the Danish side 
such investigations were made during 67 hours on May 
23rd to 26th at 61° 27’ N. Lat. and 4° 33’ W. Long. 
where the depth to the bottom was 780 metres [M. KNup- 
SEN, 1911]. In August 1910 a collaboration was established 
between the Scottish explorations in the ‘Goldseeker” 
and the Norwegian in the “Michael Sars”. Relatively 
many stations were worked by the two ships along four 
sectional lines between Shetland and the Faeroes (see 
the chart of stations, p. 95*). At two stations repeated 
observations were made during more than 24 hours on 
August 13th and 14th. The Scottish station (marked 
Sc. in the chart just mentioned) was situated at 61° 32’ 
N. Lat., 4° 19’ W. Long., bottom-depth 725 metres. The 
corresponding observations from the ‘Michael Sars” 
were made at Stat..115, at 61° 0’ N. Lat. 2° 41’ W. 
Long., bottom-depth 580 metres. At all three stations in 
question the place was marked by means of an anchored 
buoy, the ship being kept close to the buoy when the 
observations were taken. 

The observations at the “Michael Sars’ station 115 
are recorded in detail in Table IJ, and are represented in 
the upper figures on pp. 84* (temperature) and 85* (den- 
sity). In some cases determinations of salinity and con- 
sequently also of density are missing, while the tempera- 
ture observations are so numerous that the curves for 
every hundred metres from the surface to 500 metres 
(incl.) may be drawn fairty safely. The vertical variations 
of salinity are frequently so slight that small errors in the 
determinations may have an appreciable effect upon the 
apparent results with regard to the oscillations. We shall, 
therefore, in the following especially pay attention to the 
temperature variations, 
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The vertical distribution of temperature at the Danish station (Da, May 23.—26.), the “Michael Sars” station 115 


(N, August 13.—14.) and the Scottish station (Sc, August 13.—14.) in the Faeroe-Shetland Channel. 


Fig. 1 illustrates the vertical distribution of temperature 
at our Stat. 115 (the curve marked N) and the Scottish 
station (Sc.) in August, and at the Danish station (Da.) 
in May. The average temperatures found by harmonic 
analysis (c,, in the table, section 23) have been used for 
the construction of the curves. 

The temperature at intermediate depths is much 
higher at the Scottish station than at Stat. 115, so that 
for instance the temperature found at the latter station at 
200 metres is found at about 300 metres at the former, 
and 300 metres at Stat. 115 corresponds to 400 at the 
other with regard to temperature. Similar conditions are 
displayed by the salinities. The direct observations of 
salinity give the following mean values: 


Stat. 115 | Stat. Sc. 
SIIMTACEN Nor aettne cn ctr crescent serine 35-190 35-234 
MOOS MICtKES) a crasoreiais.e se.5e rere toe cose 195 -226 
200 TM Te Gorheiuin oe icieens eases -144 -201 
300 Abn che sterans eiege cane oi seres -053 151 
400 Be Wy Rete retereeenena ta ctetes eis. 34-877 -064 
500 SIE altecdhe eietoeteseieteieceasoeiaee 872 34-892 
600 a aR ee i te — 891 


In the same way we find the following average va- 
lues of a: — 


Stat. 115 Stat. Sc. 
Suria ce: si\c ate isle oars vid tisieveronene 26-635 26-835 
LOOM metreswarve ciclo eriste, selarsveievens 27-484 27-452 | 
QO0W Wb ee citxesccte nc asutetent 565 538 | 
ROO PA tetera tno occ 710 -588 
ADOT GU eis ete ere eee 859 725 | 
BOON ataces seme nceresaiee cere | 973 | 940 
GO Mea eve verirac teats Serie domes = | 28 -016 


The difference in depth of the intermediate water-layers 
at the two stations is not found to be exactly the same when 
estimated from salinity or density as when estimated from 
temperature. The discrepancy is but very small, however, 
and we have evidently to deal with parts of the same 
water-layers even if the salinity anomaly is a little different, 
be it due to errors of observation or to different mixing 
processes. We may at any rate conclude that the same 
intermediate water-layers are situated about 100 metres 
deeper at the Scottish station than at Stat. 115. 

The increase of surface temperature from May to 
August is conspicuous (see Fig. 1), but even in May the 
heating at the surface is so advanced that a considerable 
temperature-gradient is found in the uppermost water-strata, 
between the surface and 25 metres. This quasi discon- 
tinuity is much more marked in August when the tem- 
perature at the stations in question decreases very rapidly 
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downwards, from 10 to 50 metres say. From about 50 
metres to 200 or 300 metres below the surface the tem- 
perature decreases at a slower rate, but further downwards 
to some 500 metres the temperature gradient is again 
very great. We have here two such “steps” as were men- 
tioned above (section 20). 

The temporal variations of +r, S or o, now dealt with, 
whether periodic or not, may a priori be expected to be 
greatest at those depths where the vertical gradients of 
these elements are greatest. The differance 7,0. — tyin 
between the highest and the lowest temperatures observed 
is given in column 7 of the table on p. 27. We find 
upon the whole that this difference is greater with a great 
vertical temperature-gradient than with a small, but no 
direct proportionality exists. We have, for instance, much 
the same vertical temperature-gradient at 300 metres as 
at 400 metres at Stat. 115, but the values of ¢,.—T,i, 
are very different. 


23 Harmonic Analysis. Tidal Variations. 


The oscillations found by earlier investigations seemed 
to be connected partly with the tidal phenomena, and 
later observations have given further support to this con- 
clusion, as mentioned above. The temporal variations 
observed at our Stat. 115 seem also at first sight, at any 
rate at some levels, to exhibit a periodicity in accordance 
with the tidal periods. As the influence of the moon 
generally is predominant in the tides it is reasonable to 
use lunar hours as the unit of time (1-035 solar hours, 
reckoned from the upper passage of the moon). 

Values have been interpolated for every lunar hour, 
Greenwich time. We have selected this division of the time 
also for the analysis of the Scottish observations, so that 
we get the interpolated records of temperature for both 
stations referred to the same moments of time. 

The upper passage of the moon occurred at Green- 
wich on August 12th at 17" 31™ G. M. T. and on August 
13th at 18" 15™ (civil time, the day reckoned from midnight 
to midnight). At Stat. 115 the observations commenced 
early in the morning on August 13th, so that data may 
be obtained for 24 lunar hours beginning with the 12th 
lunar hour. At the Scottish station the observations com- 
menced about 5 hours later. 

The temperature-values interpolated for every lunar 
hour have been subjected to harmonic analysis. Calcu- 
lations have been made according to the formula 


C=, : cos 15° (t—k,) + 2 cos 30° (t — k,) 


where ¢ is the temperature at the lunar hour ¢, r,, the 


mean temperature, A the total variation (the double am- 
plitude) due to a diurnal, B to a semi-diurnal harmonic 
oscillation, k, the time (expressed in lunar hours) when 
the maximum occurs at the diurnal, &, at the semi-diurnal 
variations. 

The first cosine-term in the formula above corresponds 
to the small elliptic moon-tide, M,, which is generally of 
but quite secondary importance. It has a period of 
24-84 (ordinary) hours — 24 lunar hours. A much greater 
weight is in most cases ascribed to the partial tides O 
with a period of 25-82 hours and K, with a period of 
23-93 hours. As our observations embrace 24 lunar hours 
only, it is impossible to separate the different partial tides 
of the diurnal type, and it is much the same which of 
the periods is selected for the analysis. As M, has a 
period just between O and K,, and it is most convenient 
to use the horary angle of 15° (referred to lunar hours) 
for the calculations, the harmonic constants have been 
computed for M, as representing the total diurnal variation. 
The result gives at any rate a rough approximation only 
and is very uncertain on account of the shortness of the 
series of observations. 

The second cosine-term in the formula above corre- 
sponds to the chief moon-tide M,, which in our case can 
not be kept distinct from the semi-diurnal solar tide ae 
From the Danish observations which extended over as 
much as 67 hours, KNUDSEN [1911] has made an attempt 
to separate the two periods with regard to the tempera- 
tures at 400 metres. His computations indicate an unex- 
pectedly great amplitude due to the solar period. The 
short series of observations at our Stat. 115 and the Scot- 
tish station do not permit an attempt to separate the M, 
and S, periods. Both of them will be included in our 
computations. 

The harmonic analysis has been carried through with 
regard to the temperatures observed at the surface and at 
every hundred metres of depth below the surface at Stat. 
115 and the Scottish station.!) The results are combined 
in the following table, where also are included the data 
published by Knupsen for the Danish station in May. 

The amplitudes found by the harmonic analysis are 
upon the whole comparatively great, indicating that the 
temperature variations have been to a considerable extent 
diurnal and semi-diurnal. For the sake of brevity we shall 
in the following name these partial variations the tidal 
variations. The term is not exhaustive and may be mis- 
leading, because some of the tidal periods possible are 


1) The Scottish observations are published in Bulletin Hydro- 
graphique pour 1’Année Juillet 1910 — Juin 1911 [Copenhagen 1912]. 
The present author is indebted to Dr. A. BowMAN, Superintendent of 
the Fishery Board for Scotland, for detailed records of the exact time 
when the observations were taken. 
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not included, while on the other hand daily or casual 
variations may be included which have nothing to do with 
the tidal phenomena. It must also be emphasized that 
the results are very doubtful on account of the shortness 
of our series, as mentioned above. The discussion of the 
observations may, however, serve to form a working 
hypothesis for further investigations, for which reason we 
shall go into details in spite of the fact that the obser- 
valions are very incomplete. 

The maximum variations seemingly caused by diurnal 
and semi-diurnal oscillations separately, appear in co- 
lumns 4 and 5 in the table above. Upon adding together 
for each lunar hour the two values of the temperature 
deviations. ascribed to these oscillations, we obtain a new 
series of figures. In column 6 of the table the maximum 
difference between the latter figures is entered (C). It is 


in many cases comparatively very great, at some depths 
even as great as the difference between the maximum 


and minimum temperatures observed. 


B 
KNUDSEN has tabulated the values of Se 


max min 


for 


the Danish station and found a maximum value of this 
quantity amounting to 0-3 at 400 and 500 metres where 
the temperature changed most quickly with the depth. In 
column 8 of our table above the corresponding values 
are recorded for Stats. 115 and Sc., together with the 
values given by KNupsEN. At the Norwegian and Scottish 
stations these values are in nearly all cases larger than 
at the Danish station, which may be due to the shortness 
of our series of observations at the two former stations com- 
pared with that at the latter. The maximum values (0-6 — 
0-7) are found at 100, 300 and 400 metres at Stat. 115, 
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Fig. 2. Semi-diurnal and diurnal temperature-variations separately. 
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and at 500 metres at the Scottish station, without any 
very definite accordance with the vertical temperature- 


gradient. The quantity —— — gives, of course, higher 


max min 


values still. 

We may in different ways find an expression of 
the part played by the tidal variations in the total varia- 
tions. If for each lunar hour we subtract the deviation 
of temperature due to the calculated tidal effects from 
the deviation (Az) of the observed (or interpolated) tem- 
perature from the average temperature we obtain a re- 
mainder, R. The sum for the whole series of 24 lunar 
hours of the numerical values of Av and the correspond- 
= (Wb 
> | At | 
calculated. The results are recorded in column 9 of the 
table above. The figures show that in most cases the resi- 
dual variations are on an average considerably smaller than 
the total variations. Especially at 100 and 400 metres at 
Stat. 115 the total variations are nearly covered by the 
tidal variations. At the Scottish station the closest coin- 
cidence between the total and the tidal variations is found 
in the deep water-stratum at 600 metres, but it is also 
fairly good at the other depths except at 300 metres. 
The course of the vertical variations in the value of = | 
between 100 and 400 metres at Stat. 115 corresponds to 
that between 200 and 500 metres at the Scottish station, 
in accordance with the above mentioned difference of tem- 
perature between the two stations. 

The partial temperature-“tides” are illustrated in Fig. 2, 
where the time (in lunar hours, L.H.) is plotted along 
the abscissa at the top of the figure, and the deviations 
from the average temperature for each single depth along 
the ordinate (scale to the right in the figure). Most of 
the tidal variations are very marked, especially at 300 
and 400 metres below the surface, where the vertical 
temperature-gradient is great. 

The amplitude of the temperature variations must not, 
of course, be confounded with the amplitude of the un- 
derlying motions of the water-layers. In a “discontinuity- 
layer’ even a fairly large temperature-variation may 
correspond to a small displacement only. When we as- 
sume that the variations in temperature are chiefly caused 
by vertical or horizontal movements it is important for a 
study of the kinematical conditions to have the temperature 
observations converted into values of height or length. A 
vertical displacement of the water-layers will generally 
be connected with a horizontal one, and we should not one- 
sidedly ascribe the variations either to purely vertical or 
to purely horizontal movements. We may, however, in 
any case estimate the variations in depth of the isothermal 


ing sum of R have been found, and the ratio — 
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surfaces of r, along the station-vertical. From curves 
representing the mean vertical distribution of tempera- 
ture (cf. Fig. 1) we may find approximately the vertical 
distance corresponding to a variation of 001° C., or 
ee metres (the reciprocal value of the vertical 
temperature-gradient). A valuation of this kind has been 
made for the stations in question and the results are re- 
corded in column 11 of the table on p. 27. By means of the 
numbers recorded in columns 4—6 of the table we may 
then find approximately the assumed diurnal and semi- 
diurnal, as well as the combined, variations in depth of the 
isothermal surfaces in question. The results are recorded 
in columns 12—14. 

The lower figures on pp. 84* and 85* illustrate the 
total variations in height — ‘“‘tidal” and otherwise — at 
Stat. 115, calculated in the manner just mentioned.') 


24. Diurnal Variations. 


The daily variations in surface temperature are quite 
considerable at Stats. 115 and Sc. A daily variation may 
be expected on account of the heating by day and cool- 
ing by night. The harmonic analysis gives at Stat. 115 a 
maximum temperature in the daily variation at &, —19-6 lu- 
nar hours, i. e. August 13th, 13" 43™ local mean time. The 
total amplitude in the daily variation is 0-11° C. It is 
probably due to the heating during the day and cooling 
during the night. At the Scottish station the correspond- 
ing maximum in the daily variation occurs early in the 
forenoon, at about 10 o’clock, the total amplitude being 
0-30° C. It may be due to a combination of the daily 
variations just mentioned and real tidal variations. But 
beside these daily variations we find half-daily variations 
with nearly the same amplitudes (0-11 and 0:32°C.). k, 
has practically the same value at both stations, correspond- 
ing to temperature maxima shortly after noon and after 
midnight on August 13th — 14th. A closer examination 
of the observations of temperature and salinity shows that 
the surface currents have evidently oscillated in a horizontal 
direction, which was also to be expected, rotary tidal currents 
being distinctly discernible in the Faeroe-Shetland Channel 
after elimination of the rest current. The greater amplitude 
of the semi-diurnal temperature variation at Stat. Sc. com- 
pared with Stat. 115 is probably explained by greater hori- 
zontal variations in temperature at the former station than 
at the latter. If a semi-diurnal oscillation occurs at the 


1)The scales of lunar hours at the bottom of the figures are un- 
fortunately incorrect because of a misinterpretation of some nautical 
tables casually used. 
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surface, a diurnal oscillation of tidal character may just 
as well occur. 

The diurnal variations at 100 metres and deeper can- 
not be accounted for by variations in direct heating and 
cooling. At 300 metres the phase of oscillation (A,) is 
exactly the same at Stat. 115 as at the Scottish station, 
but at all other depths there is a marked difference, the maxi- 
mum in the diurnal variation occurring earlier at Stat. Sc. 
than at Stat. 115. The difference is between 4 and 5 hours 
at 0, 100 and 400 metres where the amplitudes are quite 
appreciable at both stations. At 500 metres where the 
amplitudes are small the phase difference is found to be 
6 hours. The vertical variations in k, at the’two stations 
are seen from the table p. 27, and are also demonstrated 
by the curves in Fig. 2. It may especially be noticed that 
the values of &, are comparatively high in the upper 300 
metres and low from 400 metres downwards. The differ- 
ence in k, between 300. metres and 400—500 metres at 
Stat. Sc. is J2—13 lunar hours, or a difference of phase 
of approximately 180°. The difference is smaller at Stat. 
115. It must be kept in mind, however, that the values 
of k, found refer to the dates of observation only, and can- 
not claim any general validity, because the analysis in- 
cludes several diurnal periods of different length and with 
unknown amplitudes. They may chiefly serve to demon- 
strate that the phase of the total diurnal variation seems 
to vary not only from station to station but in vertical 
direction too. 

The numbers in column 12 of the table p. 27 do not 
exhibit the same variations vertically as the temperature 
records in column 4. The former figures show an absolute 
maximum of diurnal oscillation at 100 metres below the 
surface at both of the stations 115 and Sc. The amplitude 
is especially great at Stat. Sc., more than twice the ampli- 
tude at Stat. 115. At Stat. 115 the amplitude is a little 
lower at 200 metres than at 100, while at Stat. Sc. it is 
very much lower at 200 metres than at 100, and less than 
at 200 metres at the other station. At 300 and 400 metres 
the oscillations have been still more reduced, having 
practically the same amplitude at both depths and both 
stations. At 500 metres we find absolute minima. At 
600 metres the amplitude at the Scottish station is again 
comparatively great. 

This seems to indicate that the diurnal variation in 
the depth of the isothermal surfaces has been most 
marked at about 100 metres below the surface. It might 
be suposed to be the effect of a boundary wave along 
the upper ‘‘discontinuity-layer”’. 

A great many observations were made at the Scot- 
tish station at 10, 20, 30 and 50 metres, but they show 
so many sudden variations in temperature and are taken 
at such irregular intervals of time that it is impossible to 


perform the interpolations necessary for a harmonic ana- 
lysis, except in the case of 50 metres. The analysis gives 
the following equation for this depth: 


Ts9 — 8-72 + 0-14 cos 15° (¢ —20-7) + 0-34 cos 30° (¢ —0-9) 


It follows that the phase of the diurnal variation is 
not very different from that at the surface, but the maximum 
at 50 metres occurs nearly 4 hours later than at 100 
metres. The amplitude is 0-14, so that A= 0-28, which 
is a smaller temperature variation than was found at the 
surface and 100 metres. It is, unfortunately, impossible 

; dz 
to determine —— 
dt 
but there are strong reasons to believe that it has a 
lower value than at 100 metres, which leads to the con- 
clusion that a possible vertical motion has possessed a 
smaller amplitude at 50 metres than at 100. The diur- 
nal wave should, therefore, have had its maximum 
development at about 100 metres at the Scottish station 
and not in the upper “discontinuity-layer’. The vertical 
temperature-gradient is not particularly great at 100 metres. 
It is much greater at 400 metres where, however, the ver- 
tical displacements are small. 

The great amplitude at 600 metres at the Scottish 
Station is remarkable. The amplitude is quite insignificant 
at 500 metres, as also at the deepest observations at Stat. 115 
(500 metres, with an average temperature which is only 
0-30° C. higher than at Stat. Sc., 600 metres). &, has also 
a value at Stat. Sc. 600 metres which differs appreciably 
from that at higher levels. It may suggest the possibility 
of a particular oscillation in the deep-water (the ‘‘bottoin- 
water’) of the Norwegian Sea, if it is not altogether casual. 


for 50 metres in a satisfactory manner, 


7 


The semi-diurnal variations at Stat. 115 are different 
from those at the Scottish station with regard to both 
amplitude and phase (see Fig. 2 and the table p. 27). 

We have already discussed the variations at the sur- 
face. At 100 metres at Stat. 115 the amplitude of tem- 
perature is but slightly higher than at the surface, and the 
phase is very nearly the same. At the Scottish station 
the temperature variation is also somewhat greater, but 
the phase difference is 6 hours (180°). The harmonic 
constants for 50 metres (the equation section 24) shows 
the same phase as at 100 metres, but a much greater 
temperature-amplitude, B being 0-68 against 0-37° C. The 
conditions may suggest a boundary wave in the upper 
“discontinuity-layer” at this station as far as the semi- 
diurnal variations are concerned. 

At Stat. 115 &, increases all the way from 100 to 
400 metres, at first rapidly, then more and more slowly, the 


Semi-Diurnal Variations. 
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difference between 100 and 400 metres being 3 hours. The 
amplitude displays at first a decrease, and then an increase 
to a very considerable maximum in the ‘‘discontinuity- 
layer” at 300 metres. Thence the amplitude decreases 
rapidly to almost nought (B = 0-03° C. only) at 500 met- 
res, where &, has nearly the same value as at the surface 
or at 100 metres. At the Scottish station the conditions 
are different: &, shows irregular variations, and B has its 
maximum at 400 metres with but a slow decrease towards 
the bottom-layers. As to the semi-diurnal variations we 
have data for comparison from the Danish station worked 
3 months earlier (table p. 27). At this station the am- 
plitudes were much smaller in the upper 200 metres than 
at either of the other stations. A large maximum is found 
at 400 metres, and a considerable amplitude at 500 metres, 
while at 600 metres the semi-diurnal temperature variation 
is but small and much less than at the Scottish station 
from the same region in August. At most levels the va- 
lues of &, at Stat. Da. do not differ much from those 
found at Stat. 115, but more from those at Stat. Sc., in 
spite of the short distance to the latter station. 

When converting the temperature-variations into ver- 
tical displacements we find at all levels except 500 metres 
greater semi-diurnal oscillations at the Scottish station 
in the central part of the Faeroe-Shetland Channel than 
at Stat. 115. At Stat. Sc. an absolute maximum of no 
less than 58 metres’ total amplitude is calculated for the 
variations in depth of the isothermal surfaces at about 
200 metres. It seems very likely that comparatively large 
vertical displacements have really occurred at this station 
at 200 metres, and at 100 metres too. A minimum is 
found at 400 metres, while in the deeper layers the ampli- 
tude is fairly great again. At Stat. 115 a maximum oscil- 
lation (24 metres) is found at 300 metres, with a rapid 
decrease downwards to some 3 metres only at 500 metres’ 
depth below the surface. At the Danish station the cor- 
responding variations increase slowly from 8 metres at 
100 metres’ depth to 12 at 300 metres, and then quickly 
to a maximum (31 metres) at 400. At 500 metres the 
oscillation is found to be of the same magnitude as at 
the Scottish station (24 metres), while at 600 metres it is 
much less again. 

We thus find a great variability in the appearance of 
the semi-diurnal temperature-oscillations, which seem to 
be different not only in amplitude but also in phase in 
vertical direction, to change from one station to another 
within the same area, and also to be subject to varia- 
tions with time as regards the harmonic constants. 
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26. The Ratio between the Diurnal and 
Semi-Diurnal Variations. "The Combined 
Variations. 


In column 10 of the table on p. 27 the ratio between 
the amplitude of the diurnal variation (A) and that of the 
semi-diurnal (B) is recorded. In the rise and fall of the 
sea surface with the tides the diurnal variations are gene- 
rally of but secondary importance compared with the 
semi-diurnal. The ratio between the amplitudes expressed 


+O 
yi t . “4° . 
by M, 4 se should, according to the equilibrium theory 


of the tides, be equal to 0-68, but is in the great majority 
of cases much smaller [KRUMMEL, 1911]. In the Atlantic 
area it is mostly 0-1—0-3 only. In some regions, espe- 
cially in low latitudes, the ratio may attain comparatively 
large values, as is also the case in the Baltic. At Thors- 
havn it has the relatively high value of 0-73, while along 
the west coast of Norway it is only about 0-1. 


The corresponding ratio 


B 
variations here dealt with has remarkably high values. At 
Stat. 115 it is between 0-9 and 1-5 at all depths except at 
300 metres where it amounts to 0-4 only. At this station 
the diurnal temperature-variations seem to be dominant 


found for the temperature 


At Stat. Sc. the value of = is 


smaller than at Stat. 115 at all depths from 100 to 500 
metres. At the Scottish station the semi-diurnal variations 
are especially predominating at 200, 300 and 500 metres. 
In the deep water at 600 metres the ratio is above 1 at 
this station too, and at 100 and 400 metres the diurnal 
variation is nearly as great as the semi-diurnal. KNUDSEN 
has computed the constants of the O-period in tempera- 
ture at 400 metres at the Danish station. The (double) 
amplitude was found to be 0-48, so that the ratio between 
the amplitudes of O and M is 0-6, which agrees fairly 
well with the number 0-8 found for the same depth at 
the Scottish station not far away. 


in most water-layers. 


The ratio between the diurnal and semi-diurnal 
temperature-oscillations thus seems to vary both in ver- 
tical and horizontal direction in the Faeroe-Shetland Chan- 
nel. At some depths and in some regions the semi-diurnal 
variations in temperature seem.to predominate in much 
the same way as is usual in the tides, while elsewhere 
the diurnal periods appear to have more bearing on the 
variations within the sea than on the tidal movements 
observed at the coasts. 

By a summation of the departures due to the diurnal 
and semi-diurnal variations we obtain the variations il- 
lustrated by the curves in Fig. 3. The differences between 
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Fig. 3. Combined diurnal and semi-diurnal temperature variations at Stat. 115 (N) 
and the Scottish station (Sc). 
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the highest and lowest temperature found in this way are 
recorded in column 6 (C) of the table p. 27. As a re- 
sult of the relatively great influence of the diurnal varia- 
tions, the daily disparity seems to be very great at some 
depths. If further the difference between &, and k, varies, 
the interval between two successive maxima or minima 
may be subject to comparatively great changes. In the 
following table records are given of the interval in lunar 
hours between the extremes, together with the variation 
in temperature due to the combined effect of the diurnal and 
semi-diurnal variations. The first minimum after the upper 
passage of the moon is numbered I, and the records start 
from this minimum. It corresponds to the first “upheaval” 
of the water-layer in question after the moon’s passage. 
At means the time interval between the extremes, and 
102A7 the temperature variation in '/100° C. 


“Min.I || Max. to | Min. Il | Max. to 
| toMax | Min. I to Max. Min. | 
Pf 7 cde lee Teen 
Atl 2tat] 2 lath Si atl S 
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A 
On the assumption that B 


vary aS much as our computations seem to show, the 
above table gives an illustrating example of the disparity 
in temperature variations which may be encountered in 
the sea as an effect of diurnal and semi-diurnal oscillations 
only. We find for instance at Stat. 115 that at 400 metres 
the interval of time from the first minimum to the second 
was as much as nearly 15 lunar hours, but the next interval 
to a minimum was only a little more than 9 lunar hours, 
while the corresponding intervals at 300 metres were 11.5 
and 12.5 lunar hours. The disparity which may exist 


and k,—k, may actually 
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with regard to the amplitude of temperature is also demon- 
strated in the table above. 

When examining variations of temperature in relation 
to the tides we are apt to look for periods of 12 and 24 
lunar hours. The results now arrived at indicate, how- 
ever, that in many cases the 12 hour period may be quite 
distorted and unrecognizable unless the observations are 
subjected to harmonic analysis. In such cases the ob- 
servations must embrace 24 hours at least. 

If we have to deal with 12 and 24 hour periods only, 
the variations will repeat themselves after 24 hours, regard- 
less of the ratio between A and B and the phase difference 
k,—k,. But it is possible, or even probable, that at least 
4 different tidal periods have to be considered: My, Ss, O 
and K,. In that case the final result will depend upon the 
difference of amplitude and phase between these “waves”’ 
mutually, and we may expect a still greater variability 
which, to begin with, may in many cases look very irregu- 
lar and seemingly without any connection with the tides. 

The combined effect of the diurnal and semi-diurnal 
variations when converted into vertical oscillations is illu- 
strated in Fig. 4 (the scale of the oscillations, in metres, 
to the right in the figure). 

In agreement with what has been said above we find 
at Stat. //5 comparatively great oscillations in the upper 


~ 


dz 
300 metres, CA. being between 24 and 31 metres (cf. 
v 


table p. 27), and a decrease deeper down to 7 metres only, 
at about 500 metres’ depth. 

At Stat. Sc. the corresponding oscillations were very 
great at about 100 and 200 metres. The isothermal sur- 
face of 8-16° C was on an average found at 100 metres 
below the surface of the sea at the Scottish station, but 
owing to diurnal and semi-diurnal variations (other varia- 
tions disregarded) it was apparently lifted nearly to the 
level of 70 metres on August 13th between 13h and 14h 
G.M.T. (19—20 L.H.), and pressed as far down as about 
140 metres below the sea surface on August 14th between 
7h and 8h G.M.T. (about 13 L.H.), the calculated dif- 
ference of depth being 67 metres. Tidal variations of the 
same amplitude were found at about 200 metres. The 
total amplitude was much smaller further down, with a 


d ~ 
minimum of C re — 17 metres at about 400 metres, from 
v 


where it increased to 38 metres at about 600 metres below 
the surface. The apparent vertical oscillations of the 
isothermal surface caused by tidal variations were much 
greater at this Scottish station than at Stat. 115 except 
at 300 metres, where the ratio was inversed, and at 400 
metres, where the difference was but small. 
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Combined diurnal and semi-diurnal variations of temperature, converted into vertical 


oscillations in metres. 


27. The Residual Variations. 


It was mentioned above (section 23) that the greater 
part of the variations in temperature at Stats. 115 and Sc., 
were covered by the diurnal and semi-diurnal variations 
hitherto discussed. The curves in Fig. 5 illustrate the 
variations remaining after elimination of the 12 and 24 
lunar hours’ variations, with the apparent vertical displace- 
ment as argument along the ordinate. This figure may 


be compared with Fig. 4, both figures having the same 
scale for vertical distance. 

The residual variations are rather irregular. In some 
cases they seem to be simultaneous and fairly uniform 
through different depths, as for instance during many 
hours at Stat. 115 at 200 and 300 metres, or between 
1 and 6 L.H. at the Scottish Station through all depths 
from 100 to 400 metres. There is evidently no definite 
connection between the appearance of these oscillations 
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Fig. 5. Residual variations, in metres, after elimination of the diurnal and semi-diurnal variations. 


and the vertical gradient of temperature. Comparatively 
great oscillations may seemingly appear at various depths, 
independently of the conditions at other levels above or 
below. 

At Stat. 115 these variations are practically insigni- 
ficant at 100 and 400 metres, where they are quite sub- 
ordinate in proportion to the diurnal and semi-diurnal 
variations. They are most marked at 200 and 300 metres. 
The amplitudes do not differ so very much within each 


layer, but nothing can be made out with regard to definite 
periods. 

At Stat. Sc. some few of the variations at 100, 200 
and 300 metres are very great in comparison with the 
others. The curves from these depths remind one of 
curves for damped oscillations. Our curves represent the 
variations at a fixed station, with the early observations 
to the left and the late to the right, so that a wave to the 
right means an undulation behind a wave more to the leit. 
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It does not seem worth while making these variations 
the subject of a closer analysis. It would be necessary 
to develop the values in question in series with many 
terms and the results would be very problematic, as the 
observations are not sufficiently continuous. Important 
investigations might evidently be made by means of ther- 
mographs registering at different levels. 


28. Causes of the Variations. 


It has been repeatedly emphasized in the preceding 
sections that our observations are too incomplete for a 
satisfactory study of short-period variations in the sea. 
But although the discussion has to be hypothetical the 
observations and the calculations described in this chapter 
may be utilized for a preliminary judgment of the prob- 
able causes of such variations. The present lengthy treat- 
ment is justified only from the point of view of trying 
to attain a rational working hypothesis in a case where 
satisfactory observations do not exist at all. The only 
certain fact is that important variations in the vertical 
distribution of various elements sometimes do occur in the 
sea within short intervals of time. 

As far as our observations and calculations go we 
may, then, make the following statements: 


1. The variations in temperature are, to a great extent, 
of really periodic, diurnal and semi-diurnal, character. 
The diurnal variations below the surface in the deep 
sea are probably of a greater magnitude in proportion 
to the semi-diurnal, than they are in the rise and fall 
of the tides at the surface along the neighbouring 
coasts. 

2. The phase of the variations is more or less variable 
from level to level at a fixed station. 

3. The phase is more or less variable in a horizontal 
direction, even within fairly short distances. 

4. The amplitudes of the variations are upon the whole 
independent of the vertical gradient of temperature 
(or the stability). 


If correct, these statements lead to important conclu- 
sions with regard to the dynamics of the oscillations 
creating the variations. The oscillations may be caused 
by variations in the currents as well as by waves of dif- 
ferent kinds. Before proceeding to a discussion of the 
various possibilities we must remember the following 
facts, already touched upon above (section 20): 

In a sea with no currents, but with vertical variations 
in the physical properties, the isopyenal surfaces will form 
level surfaces, and the same thing will practically always 
be true of the isothermal and isohaline surfaces. This static 
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equilibrium is disturbed when a current appears, and the 
more so the stronger the current is. Owing to the rota- 
tion of the earth (a Coriolis’ force) the isopycnal, isother- 
mal and isohaline surfaces then assume a slanting position, 
whereby a field of force (a “solenoid field”) is created. 
The maximum obliquity of the said surfaces will appear 
in a section transversely to the direction of the current. 
On the other hand, a solenoid field formed primarily. (for 
instance by local heating, or supply of river water) will 
create a current. It will take some time, but probably 
only a short period of some hours for a dynamic equili- 
brium to be established between the Coriolis’ force and 
the solenoid forces. The latter will in some cases accele- 
rate and in others retard variations in the currents. 


«. Variations in the currents. 


We shall here consider the convection (or gradient) 
currents and the tidal currents only, disregarding the pure 
wind-currents in the surface layers. To begin with we 
shall also leave out of account possible formations of 
internal waves as a result of vertical variations in the 
velocities of the currents, and will now only discuss the 
primary effect of the currents. 

The convection currents may have different velocities 
and directions in different layers or at different stations, 
but if this state of things remains unaltered and is not 
subject to temporal variations, the horizontal and vertical 
distribution of densities (temperatures and salinities) will 
also remain constant except for other motions or agencies. 
Assuming that the convection currents are practically con- 
stant within a reasonable interval of time, we shall find 
no short-period oscillations created by them. The currents 
and the solenoid fields are subject to seasonal and annual 
changes, but the resulting horizontal and vertical variati- 
ons in the physical elements have a much longer period 
than the variations now dealt with. 

Our knowledge of the tidal currents has been greatly 
advanced by the observations of Professor SvERDRUP in 
the Polar Sea and the subsequent theoretical investigations 
by himself and Dr. J. E. Fietpstap. Sverprup has shown 
[1926] that the tidal currents at some distance from the 
shore must, on account of the rotation of the earth, be 
rotatory even if we have no interference of two or more 
crossing tidal waves. Quite close to the shore the tidal 
currents will go to and fro along a straight line, but fur- 
ther out these currents will go in ellipses with a decreasing 
excentricity as we proceed seawards. On account of the 
friction against the bottom the direction of the major 
axis of the ellipse as well as the maximum velocity and 
the time when the latter occurs (the phase) will vary from 
the surface to the bottom. In other words, the tidal cur- 
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rents have not the same direction nor the same velocity 
in the different layers at a given moment. 

The tidal currents appear, whether a convection current 
exists or not, as a transport of water masses with veloci- 
ties that vary periodically. In an area with no appreciable 
convection currents, /. e. where the isopycnal and isother- 
mal surfaces are horizontal, the tidal currents will not 
materially affect the horizontal position, provided that the 
basin is so extensive that possible effects of pressing against 
a coast may be disregarded. The relative thickness of the 
water layers and their depth below the surface will then 
be maintained, and no appreciable vertical variations in 
the physical properties be observed as a primary effect 
of the water transport. But in the case of a strong 
convection current and, consequently, a marked sloping 
of the isopycnal surfaces, an appreciable effect may appear, 
If the velocity of the tidal current is great in a direction 
transverse to the main direction of the convection current. 
the transport of water with the tides will make the sloping 
isopycnal, isothermal and isohaline surfaces move later- 
ally for quite a long distance. Repeated series of obser- 
vations at a fixed station within the domains of the 
convection current will then reveal considerable variations 
in the depth of, for instance, the isothermal surfaces. 
This effect may easily be estimated when the tidal currents 
and the convection currents are known. 

In order to illustrate the relations now discussed we 
shall assume that the convection current at Stat. 115 runs 
towards NE with a velocity of 30 cm./sec. at 200 metres, 
20 cm./sec. at 300 m. and 10 cm./sec. at 400 m. The 
sloping of the isothermal, isohaline and isopycnal surfaces 
is then so steep, that a semi-diurnal tidal current at 300 
metres needs only to have a mean component of velocity 
of less than 7 cm./sec. along the direction SE-NW in 
order to cause a variation in the observed depths of the 
said surfaces corresponding to the value of B found above 
(24 metres), the total distance measured along the hori- 
zontal between the extreme positions of the surfaces 
being about 3 kilometres. 

This example shows that the transport of water by 
tidal currents, in an area with strong convection currents, 
may account for appreciable variations observed as “ver- 
tical” oscillations. The above-mentioned variations in the 
orientation of the ellipses of the tidal currents, in the 
maximum velocities and the phases, will make such 
quasi-vertical oscillations alter in phase and magnitude 
from layer to layer downwards. If the excentricity of the 
tidal ellipse is considerable, an orientation of the major 
axis in a direction forming a right angle to that of the 
convection current causes oscillations of temperature which 
are considerably greater than those observed if the major 
axis has the same direction as the convection current. 
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The vertical variations in the tidal currents make the 
isothermal, isohaline and isopycnal surfaces alter their 
position not only by parallel movements, but also by some 
degree of twisting and by variations in the sloping of the 
surfaces. It is probable that the variations in phase and 
amplitude of the oscillations of temperature described in 
some of the preceding sections may to a great extent be 
accounted for in this way. 

It follows from this discussion that the vertical varia- 
tions in the tidal currents create periodic variations in 
the intensity of a solenoid field, as a result of the diffe- 
rences in the water transport. The deformation of the 
solenoid field must in its turn obviously affect the tidal 
currents, these being sometimes retarded and sometimes 
accelerated by the variations of the solenoid forces. But 
then the tidal wave itself will be influenced by a solenoid 
field, and the more so the stronger this field is. 7he tidal 
waves and other waves will be somewhat deformed in 
a sea with appreciable variations of density, in comparison 
with waves in homogeneous water. These questions have 
not yet been taken up for discussion, and we shall not 
enter more closely into them here. 

From what has been said above it seems reasonable 
to assume that the oscillations of temperature observed 
at various fixed stations in the sea may to a great extent 
be accounted for by a horizontal transport of water with 
tidal currents. This corresponds to the result already 
deduced, viz. that the oscillations seem to have periods 
corresponding to tidal periods and to be most marked in 
those areas where the tidal currents as well as the con- 
vection currents may be assumed to be comparatively 
strong. All vertical oscillations with tidal periods are 
probably not accounted for in this way. They are evidently 
to some extent caused by sub-surface waves too.') 


8. Boundary waves. 


It is a well known fact that waves are created at the 
boundary between two strata of fluids with different densi- 
ties when the strata move with different current-velocities. 
The theory of the boundary waves is based not only upon 
the assumption that there is a discontinuity at the boun- 
dary with regard to density as well as velocity, although 
the differences in both elements may be very small, but 
also that the two layers, above and below the discontinuity, 
are in themselves homogeneous. The speed of propagation 
of such waves is proportional to the square root of the 


1) We have recently made numerous current-measurements in the 
Faeroe-Shetland Channel, the Norwegian Sea and the North Sea, in 
connection with observations for calculating the solenoid field and its 
variations. This vast material is now being arranged and will be 
discussed in a publication by Professor V. WALFRID EKMAN and the 
present author. 
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difference of density, while the amplitude is inversely pro- 
portional to the same square root. The velocity with 
which a boundary wave advances, is, according to 
HELMHOLTZ: 


[Sg —S, 2, Bp 


Sy 2, + Ze 


g metres per second 


where s is the density (for sea water s — 1 + 10° a,), 2 
the thickness (in metres) of the stratum of fluid, and g 
the acceleration of gravity (9-8). The index 1 indicates 
the upper stratum and 2 the lower. 

The amplitude (half the vertical distance between the 
highest and lowest point of the wave) may, with sufficient 
accuracy, be expressed by the formula: 


Fee SO ee S 21 = u 
LED =\yi |) =. Se es Snetres: 


Sp .5) wey of eo ae 


4=>= 
Ey se Fa E 


where 4 v is the difference of current velocity between 
the upper and lower strata (in metres per second). 

From these formulae we see that the speed of propa- 
gation is independent of A v, while the amplitude is 
directly proportional to this quantity. In other words: 
a boundary wave traverses a certain distance in a constant 
time as long as the density and the thickness of each 
stratum is unaltered, even if the current velocities are sub- 
ject to variations in which case the amplitude varies. We 
see, further, that by z, + z — const. the speed of propa- 
gation as well as the amplitude have a maximum when 
Z; = 5, and decrease when the difference in thickness 
between the two layers increases. 

Boundary waves are known from the dead-water 
phenomenon, owing to the thorough investigations by 
V. W. Exman. Dead-water occurs only where a water 
stratum with low densities rests on heavier sea-water, when 
the difference in density is very marked. It has been sup- 
posed that boundary waves may occur also in the open 
sea, where the differences in density are much less marked. 
A sudden gust of wind on the surface of the sea may, 
for instance, create such a wave at a boundary surface 
situated at some depth. Such boundary waves “generally 
occur singly, but periodical oscillations may be produced 
by a series of such waves, if the impulse creating them 
be regularly repeated at certain intervals of time. We 
consider it probable, for instance, that the tidal waves 
passing into a basin across a sub-oceanic ridge, like that 
between Scotland and Greenland, may give regular im- 
pulses such as these. It is even possible that the tidal 
waves may thus to some extent be transformed into boun- 


dary waves, which will advance with such reduced veloci- 
ties” [HELLAND-HANSEN and NANSEN, 1909, p. 105). 

The tidal wave coming directly from the North Atlantic 
into the Faeroe-Shetland Channel passes the Wyville 
Thomson Ridge. This ridge has a saddle depth of a little 
more than 550 metres, and its mean depth is 450—500 
metres. During the “Michael Sars” Expedition no hydro- 
graphical stations were taken quite near the ridge. In 
May 1924 numerous stations were worked by Danish, 
Scottish and Norwegian research vessels in the Channel 
and neighbouring areas, amongst others on both sides 
of the Wyville Thomson Ridge. The observations exhibit 
great local variations and it makes a great difference which 
stations are selected for a comparison. A Norwegian 
station from May 12th, in 59° 36’ N and 6° 34’ W, bottom- 
depth 707 metres, was situated on the southern side of 
the ridge. To the north-west, on the other side of the 
ridge, a Danish station was taken on May 6th, in 59° 59’ N 
and 6°7’ W, bottom-depth 650 metres. The observations 
(published in Bulletin Hydrographique for 1924, with 
Appendix) gave: 


Norwegian Station Danish Station 


t-G Soo 6, AL S %/o0 oO, 
400 metres 8-81 35-33 27-42 8-34 35:32 27-49 
500 +5 79 33 -42 6-04 17 ‘71 
GOUA) IS 78 33 42 3-90 03 84 


The effect of the ridge in shutting off the warm water 
from the Atlantic at depths below 400—500 metres is very 
conspicuous. On the northern side the density increases 
rapidly downwards from 400 to 600 metres, while it is 
practically constant at the southern side. 

The tidal wave passing the ridge gives rise to quite 
strong tidal currents in the southern part of the Faeroe- 
Shetland Channel down to the level of the ridge. There 
is, in all probability, a marked decrease*in the velocity 
of the tidal currents at this level. It is impossible to calcu- 
late in a satisfactory way the amplitude and speed of 
propagation of boundary waves which may be formed in 
these circumstances, for we have no observations of the 
tidal currents at the depths in question and, moreover, 
have not to deal with two homogeneous strata with a real 
discontinuity at the boundary between them. The tran- 
sitions in density are quite continuous, but the rate of the 
vertical variations differs at different levels. For a rough 
approximation we may, however, employ the formulae 
given above and use the Danish observations quoted, 


+) The Norwegian observations were actually taken at 650 
metres, which in this case makes no difference. 
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taking s, = 1-02749, s, = 1-02771, z, =z, = 400 metres 
(the bottom-depth a short distance N of the station is 
800 metres). We then obtain: 


c — 0-65 metres per second 
and 2a=618 Av metres 


A 


If, for instance, A v be taken as equal to 0-1 m/sec. 
this computation gives a boundary wave with a height 
of more than 60 metres from crest to through, advancing 
at a speed of 1-3 knots. This would mean oscillations 
of the same order of magnitude as we have found by the 
harmonic analysis of our observations of temperature. 


If we have two layers, each homogeneous with a dis- 
continuity at the boundary, the amplitude of the oscilla- 
tions decreases upwards as well as downwards from the 
boundary, the phase along one and the same vertical 
having everywhere a definite value k° or k° + 180°. In 
stratified water the conditions are altered in several 
respects, and further complications arise when the upper 
edge of the ridge is not horizontal, but slopes so that 
boundary waves may be created at different levels in dif- 
ferent parts of the ridge. With our present knowledge 
it is impossible to make even a fairly trustworthy compu- 
tation of the system of boundary waves which may occur 
in the Faeroe-Shetland Channel. 


Boundary waves created at the Wyville Thomson 
Ridge will probably take some days in reaching the places 
where the “Michael Sars” station 115 and the Scottish 
station were taken. The waves would probably appear 
especially at 300—400 metres’ depth at Stat. 115 and at 
400—500 metres at Stat. Sc., provided that the waves 
were substantially confined to the water layers in which 
they were originally created. On this assumption we 
should then have a marked decrease of amplitude upwards 
and downwards from these levels, with a certain constancy 
of phase. This does not seem to correspond with our 
results as regards the temperature variations with tidal 
periods. It must be noted that the waves are damped on 
the way, so the amplitudes decrease if the difference of 
density (s. — s,) is maintained. 

We may certainly expect to find boundary waves in 
some parts of the sea, such as the Faeroe-Shetland 
Channel, and it is probable that some of the observed 
temperature-variations with tidal periods, as well as some 
of the residual variations, are caused by such waves. In 
my opinion most of the periodic temperature variations 
found at Stats. 115 and Sc. are, however, due to horizontal 
displacements by tidal currents. The mixed effect of tidal 
currents on the spot and boundary waves makes the varia- 
bility within such a sea-area all the greater. 


y. Stationary waves. 


It has been suggested that stationary waves (standing 
waves) may occur in the sea in such a way that perceptible 
vertical oscillations may arise. In the case of stationary 
waves the vertical amplitude is nil at the nodal line and 
increases to a maximum at a horizontal distance from the 
node of 1/4 of the wave length. Between two nodal lines, 
or in one half of the basin in case of a uninodal oscilla- 
tion, the phase is exactly the same in all places and depths, 
and exactly 180° different from the phase at the other 
side of the node. It is readily seen that the variations 
of temperature observed in the Faeroe-Shetland Channel 
cannot be explained by ordinary waves of this kind, possibly 
with the exception of a few of the residual variations. 

A special kind of stationary waves may arise when 
boundary waves are reflected on reaching the slope of 
the sea-bottom in such a way that an interference between 
the primary waves and the reflected occurs. As an example 
of such stationary waves may be given the internal seiches 
(or “temperature seiches’’) observed, for instance, in Scot- 
tish lochs and studied by E. M. WepDpERBURN. Provided 
that possible boundary waves in the Faeroe-Shetland 
Channel are created at the Wyville Thomson Ridge and, 
like the tidal wave, proceed N. E. in the direction of the 
Channel, the reflection will probably be of but subordinate 
importance in this area, even if some reflection takes place. 

Boundary waves casually created by transient atmos- 
pheric disturbances may be transformed into internal 
seiches, in which case the period of oscillation would de- 
pend upon the extension of the sea basin and only rarely 
coincide with the tidal periods, while the phase should 
be the same everywhere between the nodal lines.— 


Vertical oscillations of the water layers, whether due 
to really vertical motions or to horizontal displacements, 
are of great interest in several respects. The problem is 
in itself important for our understanding of what is taking 
place within the huge water-masses of the Ocean, and 
further investigations by means of detailed observations 
may even lead to progress in general hydrodynamics. 
For physical oceanography such studies will be of great 
significance if the question of the representative quality 
of ordinary oceanographic observations (cf. section 19) 
be thereby more definitely established than is now the 
case. It is also worth mentioning here, that the pro- 
blem of vertical oscillations has a bearing upon some 
questions in marine biology and fisheries. Short-period 
variations in the distribution of the water layers with such 
amplitudes as may possibly come to light, may perceptibly 
affect the local occurrence of plankton, and in that case 
perhaps of fish-shoals as well. 
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A detailed investigation of the oscillations in question 
cannot properly be carried out unless observations are 
made at several stations simultaneously. The close co- 
operation of several vessels is therefore necessary, and 
continuous observations of the vertical distribution of 


temperature and density ought to be made in connection 
with direct current-measurements, while at the same time 
sufficient material for a detailed representation of the 
solenoid field and its variations should be secured. This 
seems a task worthy of international co-operation. 


VI. THE TEMPERATURES IN THE SEA. 


29. Gain and Loss of Heat. 


The heating of the sea as a whole is almost exclu- 
sively due to absorption of radiating heat from sun and 
sky. The quantity of heat radiation penetrating the surface 
of the sea has an order of magnitude of 10° gram calories 
per year per square centimetre of the surface. A heating 
of the surface merely by contact with warmer air is of 
comparatively small importance (cf. section 11). Some heat 
from the interior of the earth is conveyed to the sea, but 
ti only amounts to between 50 and 80 g.cal. per year 
per cm.? of the bottom. Heating by transformation of 
kinetic energy or by chemical processes is also of quite 
a subordinate importance compared with the first-named 
source of heat. 

The cooling of the sea takes place exclusively from 
the surface. It is to a great extent caused by emission 
of dark heat rays. In some regions the evaporation is 
very considerable and deprives the sea of great quantities 
of heat which is transferred to the atmosphere as latent 
heat of the water vapour and is liberated when the vapour 
is condensed. Contact with colder air (convection) also 
causes a sinking of the temperature of the sea. 

When we consider the sea as a whole and regard 
the most important factors only, the total loss of heat due 
to emission, evaporation and convection must, on an 
average, be equal to the gain of heat by absorption of 
radiating energy. There are, however, great local and 
temporal changes in the relation between the different 
factors. Within a limited region regular periodic (daily 
and seasonal) variations in this relation may be consider- 
able, but irregular meteorologic variations in cloudiness, 
wind, humidity etc. may, also, have a great effect upon 
the temperature of the sea. It would be difficult to unravel 
the temperature conditions in the sea even if this be 
motionless, but it is still much more so on account of 
currents and turbulent motions. 

We shall, here, only attempt to make an approximate 
estimation of the relation between the various quantities 
of heat which are of greatest importance as to the exchange 
of heat to and from the ocean in general. To begin with, 


we shall consider an area-element of the surface along a 
meridian from 70° N to 70° S and estimate the average 
quantities of heat gained and lost per square centimetre 
of this element. By Q, we denote the average quantity 
of heat gained by absorption of sun rays coming directly 
and as diffuse radiation reflected from the atmosphere 
and the clouds. The heat consumed by evaporation may 
be termed Q., that lost by excess outwards of long-wave 
radiation Q., and heat lost by convection to the atmosphere 
Q,. Leaving other processes out of account, we have: 


Q,—= Q2 + 93 + Qa 


The radiation from the sun reaching the outer part of 
the atmosphere of our globe corresponds to 2 g. cal./cm.? 
min. (the “solar constant’). Some of this radiation is 
reflected to space again and is lost for the heating of the 
earth and its atmosphere. The greater portion is partly 
absorbed by the atmosphere, and the rest reaches the sea 
or the solid crust of the earth. The amount of heat which 
is absorbed by the sea from the direct sun-rays depends 
upon the altitude of the sun and the transmissibility of 
the atmosphere. It is subjected to great variations. To 
this direct radiation from the sun we have to add the 
diffuse radiation from the atmosphere (about 8 per cent 
of the direct radiation from the sun, according to L. V. 
Kinc) and the clouds during the hours of daylight. 
On the other hand, about 17 per cent of the total radia- 
tion falling upon the surface of the sea is reflected again 
[W. Scumipt, 1915]. Starting from data compiled by Kim- 
BALL, we find as an average for the above-mentioned 
area-element from 70° N to 70° S in the Atlantic: 


Q, = 275 g. cal./cm.? 24 hours. 


G. Wusrt [1920] has made a careful study-of the eva- 
poration from the sea. He has calculated the mean evapo- 
ration in mm. per 24 hours within zones comprising 10° 
of latitude. From Wvst’s data we may find the correspon- 
ding quantities of heat, and we obtain the following value 
as an average for our area-element: 


Q, = 120\g. cal-/em=) 24) hours: 
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In other words, about 44 °/o of the quantity of heat 
absorbed in the sea by the direct and the diffuse solar 
radiation is consumed by the evaporation. 

The sea may be regarded as a nearly “black body”. 
According to STEFAN’s law the radiation outward, F, is 
proportional to the fourth power of the absolute tempera- 
ture (7) of the body: 


| ea OF le 


k being a constant which for a perfectly black body is 
equal to 1-28 ~ 10~—!%, when the radiation js calculated 
in gram calories per second per square centimetre of the 
surface. This radiation is 15 per cent greater at 10° C 
and 33 per cent greater at 20° C than at 0° C. 

On the other hand, heat radiates from the air to the 
sea. As the temperature of the air generally is lower than 
that of the sea, the dark heat radiation from the air to 
the sea is, on an average, smaller than the corresponding 
radiation the other way. By using the indices s and a 
for sea and air respectively, we have: 


On = Qs = Qa = ied — [ao ce 


On account of reflection, the intensity of the radiation 
from the very surface of the sea is reduced in such a way 
that &; may be put equal to 0-83 k >< 86400 — 918>< 10~ 10 
when we calculate the radiation for 24 hours. The factor 
0-83 is computed by W. Scumipt [1915]. 

ka is a constant not very different from k,, but 7a 
is a variable quantity, as the radiation from the atmos- 
phere to the sea takes place up to high levels, varying 
with cloudiness, humidity etc. Qa is, therefore, difficult to 
calculate directly. 

The effective radiation Q. from the surface of the sea 
outwards may, however, with sufficient approximation be 
computed from observations of the nocturnal radiation 
made by means of a black-bulb thermometer [ANGsTROM, 
1915; Dorno, 1919]. Considering the variations in cloud- 
iness, we find the effective radiation between 70° N and 
70° S to be on average equal to 0-78 g. cal./cm.? min., or 


Qs = 112 g. cal./em.? 24 hours. 


The effective radiation outward from the sea corre- 
sponds to about 41 °/o of the quantity of heat gained by 
the direct and the diffuse solar radiation. 


We have: 
Q, = 275 — 120 — 112 = 43 g. cal./cm.? 24 hours. 


W. Scumipt [1915] has calculated the quantities of heat 
(w) which are at disposal for the evaporation (v) and the 
convection from the sea to the atmosphere. He has, further, 
calculated the ratio v/w, and found it to be 0-63 on an 
average between 70°N and 70°S. This gives Q, =: 0:37 Qo 
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— 44 g. cal./em.* 24 hours, or practically the same value 
as found above. 

The above calculations do not claim to give more 
than an estimation of the relative importance of the various 
causes for the loss of heat from the sea in general. The 
result is, then, that among these causes the evaporation 
is the most powerful one. Second to the evaporation in 
importance comes the excess outward radiation of dark 
heat, called Q, above, and finally the direct convection 
of heat to the atmosphere. By the two latter processes 
the heat is given off to the air directly above the sea, 
while the latent heat of the water vapour may be liber- 
ated far away from the places of evaporation. 

These results refer to the average conditions only. 
There are many variations in the quantitative relation 
between the said agencies. It depends upon the actual 
conditions in the atmosphere (humidity, stability, cloud- 
iness, wind etc.) and the absolute temperature of the sea 
surface as well as of the air. We shall, however, not go 
further into these questions here. 


30. Absorption of Heat in the Sea. 


In the previous section it was stated that the average 
quantity of heat (Q,), absorbed by the sea from direct and 
diffuse solar radiation amounted to about 275 g. cal./cm? 
24 hours. The heat rays in question are of different wave- 
lengths, and the heat energy of the rays varies with the 
wave length, as is well known. Generally speaking, this 
energy increases from the extreme point of the very long 
infra-red part of the spectrum towards the small visible 
part of it and still a little further, attaining a maximum 
in red at a wave length of about 0.00065 mm. 0-65 ju. 
Then it decreases quickly towards the blue and violet part 
of the spectrum and is very small in the ultraviolet part. 
Summing up the heat energy of various parts of the 
spectrum we find that about 60 °/o of the total heat energy 
of the normal spectrum (at sea level) is due to the dark 
rays and about 40 °/o to the visible, assuming that the 
sun is at medium height [Dorno, 1919]. 

If the solar radiation that penetrates the water and 
is absorbed there has an initial intensity /), it will acquire, 
after having passed through a length Z of the water, a 
reduced intensity, which may be found by the formula: 


L= Ie e-é BD 


where e = 2:71828 and «= a quantity generally called 
the coefficient of absorption (or coefficient of extinction), 
« may be defined as the reciprocal value of the way which 
the rays must go in the absorbing medium in order to 
have their intensity reduced to 1/e of the initial value. 
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é varies greatly with the wave length of the rays. 
When we have pure distilled water and Z in the formula 
above is reckoned in metres, « is 0-01 —- 0-02 for blue 
and green rays at wave lengths between 0-45 and 0-54», 
0-3 for red rays at about 0-65) and 2-0 for dark rays at 
2 = 0-8, increasing very much with greater wave lengths. 

The conditions in sea-water are little known yet, but 
the coefficients of absorption are not very different from 
those found for distilled water. The greater part of the 
heat rays are absorbed in the uppermost layer of water. 
Only a very small fraction of the dark heat rays reaches 
as far down as one metre below the surface without being 
absorbed. The intensity of red rays of a wave length of 
about 0-65, is reduced to 1 per cent after having passed 
through some 15 metres of water, and to 1 per mille after 
some 30 metres. The intensity of the green rays is less 
than that of the red rays at the surface, but already at a 
depth of some metres the ratio is, in most cases, probably 
reversed. 

By some preliminary investigations with a photo- 
meter constructed by the present writer it was found, 
during the “Michael Sars” expedition, that the transparent 
waters between the Canary Islands and the Sargasso Sea 
contained many of the visible rays at 100 metres, the 
intensity being greater in the blue and green part of the 
spectrum than in the red. At 500 metres below the sur- 
face the intensity of the red rays seemed to be very small 
while that of the blue rays was quite appreciable (exposure 
with Wratten and Wainwright gelatine colour filters for 
40 minutes in the middle of the day). Even at 1000 metres 
the photographic plate (without colour filters) was black- 
ened after having been exposed for 80 minutes. Some 
radiation reaches even the greatest depths of the ocean, 
but here the intensity is so minute that it escapes obser- 
vation even if the effect be accumulated (as in the case 
of photographic exposure) for a very long time. 

By some experiments in shallow Danish waters 
KNUDSEN found [1923] a minimum of the coefficient of 
absorption in the green part of the spectrum and not in 
the blue, which is probably to be explained by the occur- 
rence of different kinds of solid particles in the water. 
Colloids as well as coarser suspensions and microscopic 
organisms may hinder the passage of the rays very appreci- 
ably and cause another selective absorption than found in 
optically pure water.') 

The absorption of the radiation from the sun directly 


') In this connection an effect of the radiation upon organisms 
living in the upper strata of the sea may be worth mentioning. To 
what extent such organisms will feel a heating above the temperature 
of the surrounding water depends partly upon their capacity of reflecting 
or absorbing heat rays. If the body of a living creature has the 
character of a “black body”, in the physical sense of the word, the 


and from the sky causes a heating of the water to some 
distance below the surface. We may easily obtain an 
approximate estimation of this effect on the temperatures 
in the ocean. 

From LANGLeEy’s well-known curve illustrating the 
distribution of energy (in the form of heat) throughout 
the normal spectrum we may interpolate relative values 
of the heat energy of the radiation reaching the surface 
of the sea. We have done this for intervals of wave- 
lengths corresponding to 0-025. AscHKINAss and others 
have determined the coefficients of absorption («) for 
various wave-lengths in pure distilled water. From these 
data the values of « wanted have been found directly or 
by linear interpolation, with sufficient approximation. By 
means of the formula given above we may, then, com- 
pute the absorption of heat per metre for different wave- 
lengths and by numerical integration find the total absorp- 


tion. The computations give: 
[fy 0 
ey — Wey SOX Ie 


Lio0 — 4101 = 90-0004 J, 


The indices correspond to L, i. e. the distance passed 
by the rays through the water. It has been supposed to 
be the same for all wave-lengths. It does not correspond 
to the depth m below the surface of the sea unless the 
rays hit the surface vertically (the sun in zenith). When 
the sun is just above the horizon the direct sun-rays 
penetrating the sea are refracted so much that their direc- 
tion forms an angle 8 of about 42° with the surface. In 
this case m is equal to 9-67 Z. When the sun is 60° 
above the horizon, we have 8 = 68° and m = 0-93 L. 

The value of /, is very variable. It depends upon 
the position of the sun above the horizon, cloudiness, 
humidity etc. As a probable mean value we may put /, 
equal to 360 gr. cal. per day per square centimetre of 
the sea surface of the North Atlantic in summer. Allowing 
for the deviations of the rays’ directions from the vertical 
we obtain the following results: 

In the uppermost metre of the sea so much heat 
(about 70 per cent of the total heat energy) is absorbed 
by the radiation from sun and sky that the temperature 
of the water on an average would rise about 2—3° C 
per day. The increase of temperature is very much less 
because heat is lost by evaporation and radiation from 
the surface. Wave motion will diminish the effect in 


sensation of heating in the day may possibly be quite distinctly felt. It 
is perhaps not excluded that some of the vertical movements of animal 
organisms — downwards in the day and upwards at night — may 
partly be due to the stimulus of heating and not only to a reaction 
against variations in the intensity of light or to the chemical activity 
of the radiation. 
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the uppermost layer of water and cause a greater rise of 
the temperature at, for instance, 5 or 10 metres than 
would have been found when no waves stirred the water. 
In section 32 we shall discuss the seasonal variations of 
temperature. It may, now, just be mentioned that the 
mz2an rise of temperature at the greater part of the sur- 
face of the North Atlantic between 25° and 50° N. Lat. 
from February to August amounts to 5°--8° C. or around 
0-04° C per 24 hours as an average for the whole epoch. 

Our computations show that the temperature at 50 
metres in spring and summer on an average rises about 
0:004° C per day as a result of the absorption at this 
depth of radiation from sun and sky. It corresponds to 
an increase of about 0:7° C from April to September. 
The corresponding rise of temperature at 100 metres be- 
low the surface is on an average about 0-0013° C per 
day or 0:2° C from April to September. 

Absorption of heat radiation from sun and sky goes 
on in the great oceans every day all the year round, 
The visible rays cause a heating (however slow) quite 
far down below the surface. The water itself only radiates 
dark heat-rays with a very great value of «. This radia- 
tion is included in the molecular conductivity of heat 
which has been determined by experiments and found 
to be exceedingly small in water. Practically speaking, 
the heat once given to the water at, say, 100 metres’ 
depth by radiation from above will not escape again in 
the form of radiation unless the water comes to the sur- 
face. It would be retained and the effect be accumulated 
so that the temperature always would be on the increase 
if the heat were not taken away by convective processes 
such as turbulence and currents. 


31. Conduction of Heat. 


We shall here only discuss the vertical conduction of 
heat and not the transport of heat by currents. 

In water which is perfectly motionless heat from above 
will propagate downwards at an exceedingly slow rate. 
The coefficient of molecular heat conduction is so small 
that temperature variations due to such conduction may 
be perfectly ignored in most cases as far as the ocean 
is concerned. 

If the water is in motion (waves and currents) the 
water particles generally will acquire disordered move- 
ments in many directions. This phenomenon is called 
turbulence. We shall, for the sake of argument, assume 
that we have a horizontal current with velocities that 
decrease from level to level downwards. Many water par- 
ticles which at a given moment are found at a certain 
level will shoot away from it in various directions, up and 


down, and not move parallel to the main direction of the 
current. They may return to the first level again, and 
perhaps continue further to the opposite side. The average 
length of the vertical distances traversed by all the par- 
ticles depends chiefly upon the velocity of the current and 
the vertical stability of the water layers. On the assump- 
tion made, the water particles will, when shooting up- 
wards, upon the whole get a slightly increased velocity 
in horizontal direction corresponding to the difference in 
current velocity between the two levels, but at the same 
time reduce the current velocity at the upper level. The 
opposite effects are caused by the water particles shooting 
downwards. These variations in horizontal velocity are 
obviously effected momentarily. The process is of great 
dynamic significance; it leads to the notion of “turbulent 
friction” or “turbulent viscosity”, and a “virtual coefficient 
of friction” which is different from the ordinary coefficient 
of molecular viscosity. 

Now the water particles take their physical and chemi- 
cal properties with them when moving from one level to 
another, so also their contents of heat. By the turbulent 
motion an exchange of heat between the different levels 
must take place, but we may a priori presume that this 
effect requires a longer time than the corresponding dyna- 
mic effect to be fully established [cf. J. P. JACOBSEN, 
1913, p. 71]. We may speak of a “virtual coefficient of 
heat conductivity” which is much larger than the coeffi- 
cient of molecular conductivity of heat, but probably nu- 
merically smaller than the corresponding coefficient of 
friction. 

Processes such as these take place nearly always when 
a current appears in the sea. The turbulent motion gene- 
rally becomes more and more vivid the quicker the current 
flows. In homogeneous water disordered motion may 
easily arise and the mean vertical transfer of the water 
particles from their original place be very appreciable. 
The latter is reduced in water where a stable equilibrium 
exists and the more so the greater the stability is. In 
marked discontinuity layers (cf. section 20) the single water 
particles will not move up and down in turbulent motion 
to any noteworthy extent. Such a layer forms a very 
great obstacle to vertical displacements by turbulence and, 
therefore, prevents or at any rate very materially reduces 
an interchange of water from both sides. 

Thus, the virtual conduction of heat is also relatively 
great in water with small vertical gradients of density. 
Supposing that the density chiefly depends upon the tem- 
perature (the salinity nearly constant) we must find less 
turbulence by great vertical gradients of temperature than 
by small. But at the same time a small vertical motion 
of the particles in water with great vertical variations in 
temperature may have just as great or greater effect on 
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the temperature than a larger vertical motion in water 
with smaller gradients. 

Unit variation in temperature has a much greater 
effect upon density at high temperatures than at low. A 
variation of 0-1°C at temperatures about 0° C causes a 
variation of 0-5 in the second decimal place of o,, while 
Oe 

U 


=e /eat 1 Om Caran.) -O nate — Oe 


(calculated for sea-water of 35 °/oo salinity). The corre- 
sponding variations in stability are, approximately, 5, 17 
and 26 iinits of 108 £. In other words: a variation of 
0-1° C changes the stability 5 times as much at 20° C as 
at zero. As variations in density act against the disordered 
motions, these are more hampered at high temperatures 
than at low as far as this special effect of changes in 
temperature is concerned. But on the other hand the 
internal friction (the molecular viscosity) decreases by in- 
creasing temperatures. The coefficient of internal friction 
in sea-water of 35 °/oo is about 0-019 (C. G. S. units) at 
0° C, 0-014 at 10°C and 0-010 at 20°C. This means 
that the resistance against the movement of a particle 
amongst the other water particles is less at higher tem- 
peratures than at lower. The problem is still more 
complicated because the forces which generate the tur- 
bulent motion are influenced by the internal friction. 
Without entering further into these questions here we may 
only state that the virtual conduction of heat depends upon 
the absolute temperature as well as on the vertical varia- 
tions of temperature (the first and second derivates with 
regard to depth). 

In the sea we have also variations in salinity. which 
have a great effect upon the vertical distribution of density 
and, consequently, upon the stability. In most parts of 
the North Atlantic the salinity decreases from the surface 
downwards just as the temperatures do. By the combined 
elfect of temperature and salinity we may, then, have 
comparatively small vertical variations of density in pro- 
portion to the variations in temperature. In this case a 
certain energy of the turbulence causes a quicker con- 
duction of heat than in fresh water (or in sea-water of 
constant salinity) with the same distribution of temperature. 
In regions with Arctic water of low salinity at the surface 
the vertical gradient of salinity is negative (reckoned down- 
wards) and the stability correspondingly augmented. 
The distribution of salinity regarded separately will here 
counteract the virtual conduction of heat. 

When the surface Jayers are strongly heated in summer 
the stability becomes very marked, notwithstanding the 
increase of salinity on account of evaporation. The con- 
vection of heat to lower levels is then much hindered, 
which explains that the water-masses below the surface 
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layers are so very little heated from above in the tropics. 
Heavy wave motion at the surface causes a perfect mixing 
only of the upper 10 to 20 metres or a little more. 

A surface current going towasds lower latitudes gene- 
tally becomes more and more heated at the surface, 
because the effect of the radiation from sun and sky 
exceeds the heat lost by outward radiation and by eva- 
poration. Then the stability becomes more and more 
pronounced, while the virtual conduction of heat down- 
wards is lessened. We arrive at the paradoxal result that 
the water-masses below the surface layers are the more 
“protected” against heating the stronger the heating at 
the surface is. It is, then, supposed that concentration 
by evaporation does not keep pace with the increase of 
temperature to such a degree that the stability remains 
constant. 

A surface current flowing towards higher latitudes 
becomes gradually cooled, so that the stability is diminished 
and the vertical convection facilitated. Heavy waves created 
by a strong wind make turbulence, and, consequently, verti- 
cal heat convection appear deeper in this case than when 
the surface is warmer and the stability accordingly greater. 

Such variations of temperature with time that are 
solely due to the vertical conduction of heat, may te 
expressed by the following equation (which is analogous 
to the equation representing the acceleration of the fric- 
tional force in hydrodynamics): 


or 07 5 oy or 
——e = =f — 9) 
ot 027 d2 OZ 
where + means temperature, ¢ time, » virtual coefficient 


of temperature conductivity, and z depth. By means of 
this equation we may draw some general conclusions as 
to the variations in temperature at the depth z. It makes, 
however, a great difficulty that we know so very little 
about the variations of ». As mentioned above, the tur- 
bulence depends upon several factors, especially the current 


A) 
velocities (« and od and the stability (E). The exact 
quantitative relationship between these values and the 
turbulence is as yet unsettled. 

To begin with, we shall assume that the temperature 
decreases downwards as is generally the case in the sea. 
We may then examine separately the variations in tem- 


perature according as is negative, nought or positive 
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Fig. 6. Variations in the vertical gradient of temperature, the 


temperature decreasing downwards. 


This case is very common in the upper water-layers 
especially in spring and summer. If » is constant in 


1d 


= = 0) the temperature obviously 


~ 


vertical direction (: 
decreases. We may, however, presume that in many, or 
probably most, cases with the supposed distribution of 
temperature the velocity of the current decreases with the 
depth, while the stability increases. Under these circum- 
stances we must expect that 7 decreases, so that the pro- 
a ee 
duct ~” . =" becomes positive. 
oz oz 


rises, remains constant or falls 


Then the temperature 


according as 


> 0, which may 


c 
and — 


cz 


or, practically, 


Il. eT 


A vertical distribution of temperature with practically 
constant variations with depth is often met with, especially 
in intermediate water-layers. If » is constant no rise or 
fall of temperature takes place. If » varies, the sign of 
A) , 
= determines which way the temperature variations go. 
cz 
The temperature rises if » decreases with depth, and vice 
versa. 
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Such a distribution of temperature is found at the 
upper limit of the deep water, and in summer also at 
high levels below the heated surface-waters. The analysis 
lead to results opposite to those deduced above in 
example I. 

The conditions in quasi-discontinuity layers may be 
worthy of a special mentioning. Fig. 7 demonstrates the 
vertical distribution of temperature at two stations SW 
of Ireland, viz. the “Michael Sars” station 92 from July 
23rd, 1910, and the “Thor” station 280 from September 
3rd, 1906. The latter station was situated iO naut. miles 
to the south of the former. The distribution of tempera- 
ture is represented by isotherms for every degree centi- 
grade from the surface to 400 metres. Allowing for local 


a 23VI1910 31K1906 
O 16-40= I7-52> 
: Nee 
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400 10:78° 10:34° 
Fig. 7. The vertical distribution of temperature at the ‘Michael Sars” 


station 92 (23. VII. 1910) and the “Thor” station 180 (3. IX. 1906). 
Isotherms are drawn for each whole degree centigrade between the 
surface and 400 metres. 
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and other differences between the stations we may only 
call attention to the fact that in both cases the isotherms 
are crowded below 25 metres, indicating a quasi discon- 
tinuity. We have, here, in quick succession all three cases 
mentioned above. Such sharp vertical transitions of tem- 
perature (and density) are in summer often found over 
wide areas just below the warm surface-layers. In the 
open ocean with comparatively small vertical variations 
or 
oz 
has a maximum. At Stat. 92, Fig. 7, it corresponds to 
the depth marked “A’’; at the other station it is situated 
a little deeper. At levels above this depth the distribu- 


tion of temperature corresponds to our case I. We have 
al 
Cc 


in salinity, the stability has then a maximum where 


E 4 
—-> 0, which tends to make » decrease downwards as 
oz 
ale} 
c 


Near this level = : 


far as “A”. approaches 0, and it is 
2 


nought at the level itself (case II). The surface waters 
when stirred by wind are the seat of a vivid turbulent 
motion, but it is a matter of course that the energy of 
this turbulence decreases downwards. In fresh wind we 
must expect that » decreases fairly rapidly with depth, 
just above the level of “A”, with the result that a consider- 
able rise of temperature takes place. Below this level 
the conditions correspond to those in our example III. 
The stability decreases rapidly. At these depths the tur- 
bulence due to wind directly is but small (if it occurs at 


all). On the other hand, the vertical variations in the 
velocity of the currents may be considerable, to judge 
S 
. . ° ° Cy. 
from dynamical calculations. It is most likely that 15 
cz 
oy or 
positive, and therefore, — — negative. Then the tempera- 
OZ OZ 
0?7r| _lavdr 
ture below “A” sinks or rises according as | » —— Saal 
0Z7|>=|dzZ0z 


re) 
But even if it rises, the value of a may probably in many 


cases be smaller than the corresponding value for the 
water just above “A”. In such cases the discontinuity 
layer must be intensified, and at the same time its ver- 
tical thickness often increases. 

We have hitherto dealt with the most common case 
that the temperature decreases downwards. In some in- 


as a State of instability cannot exist in any noteworthy 
degree. Sometimes we find a minimum or a maximum 


of temperature at an intermediate depth, the vertical 
gradient of temperature having different signs above and 
below this depth. Such a distribution of temperature is 
met with, for instance, at the Newfoundland Banks and, 
at larger depths, in those parts of the eastern North At- 
lantic where water from the Mediterranean is specially 
prominent. 


Fig. 8. Schematic illustration of different kinds of variation in the 
vertical dis‘ribution of temperature. 


Fig. 8 demonstrates the different cases to be encoun- 
tered, with regard to the vertical variations of temperature. 
We obtain the following scheme, referring to our initial 
equation: 


| ar 227 an | 
| dz az? ot 
| ; i | 
It negative negative ? 
Pe cue negative 0 ? | 
Ree negative positive r. 
IV. 0 positive positive 
Vv. | positive | positive a 
VI. positive | 0 ? 
| VII. | positive | negative ? 
| VIII. 0 negative negative 


Intermediate minima or maxima of temperature will 
gradually vanish if they are not renewed by horizontal 
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currents. In the other cases included in the above scheme 
the variation of temperature with time is unsettled as long 


2 
Cy. A ‘s “ 
as the value of ceri is unknown. If » is constant with 


cz 
regard to depth we find that the temperature rises in the 
cases II] and V, while in the cases I and VII it sinks. 
If > decreases with depth the temperature rises in case 
Il and sinks in case VI, while the opposite variation of 
temperature takes place if » increases with depth. 

From what is said above it is evident that such 
variations of temperature which are due to a virtual con- 
duction of heat vertically, depend upon the energy of 
turbulence and, therefore, on the velocity of the horizontal 
currents and its variations with depth. As the currents 
bring various amounts of heat with them, the variations 
of temperature owing to vertical conduction are interwoven 
with the variations caused by the horizontal flow of heat. 
In some cases a lilting or sinking of large water-masses 
complicate the conditions. 


32. Seasonal Variations. 


Synoptic charts like those now constructed every-day 
for meteorological purposes can not be obtained from the 
ocean. When we disregard short-period oscillations (chap- 
ter V), a small area may, however, be examined by one 
ship within so short a time that other temporal variations 
may be neglected. An examination of larger regions as, 
for instance, the eastern North Atlantic, within a short 
space of time, would require a whole fleet of ships in 
cooperation. If we wish to construct temperature charts 
for the ocean we are at present obliged to utilize obser- 
vations from many single expeditions which have worked 
in different seasons and years. A discussion of seasonal 
and annual variations is important in order to find means 
for reducing all observations to a common epoch. 

The temporal variations of temperature may be re- 
garded from two different points of view. We may either 
investigate the, so to say individual, variations within 
characteristic water masses, accounting for possible local 
displacements. In this case we may speak of investigations 
according to “oceanographic co-ordinates”. Or, we may 
study the changes according to ordinary geographic co- 
ordinates. In the latter case we get a combination of 
thermal variations in the individual water masses and 
changes which are due to displacements of the currents. 

Seasonal variations in the distribution of currents 
are known from different localities. The conditions in 
the Norwegian Sea present a characteristic example. 
The coastal water which moves along the Norwegian 
coast, between this and the Atlantic current in the Nor- 
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wegian Sea, exhibit marked seasonal changes in tempera- 
ture and salinity so that the interior field of force varies 
with the seasons. The result is that the coastal water in 
summer spreads seawards and pushes the eastern limit of 
the Atlantic current towards the west while the opposite 
movement takes place in winter. These lateral variations 
are combined with simultaneous changes in the depth of 
the coastal water. Analogous variations seem to exist 
with regard to the Gulf Stream off the coast of the U.S.A. 
and the Labrador Current and its continuation southwards. 
Apart from such local displacements which are caused by 
variations in the internal field of force, considerable dis- 
placements caused by seasonal variations in the wind con- 
ditions may occur. In this connection it may be mentioned 
that Professor NANsEN and I [1917, 1920] when investi- 
gating the annual variations of the surface temperature in 
the North Atlantic found that differences of temperature 
from one year to another were closely related to variations 
in atmospheric pressure and, consequently, in wind. This 
circumstance is chiefly due to the transport of the surface 
water by wind in places where the horizontal temperature 
gradient is fairly large. Similar seasonal changes and 
variations without any definite periodicity undoubtedly 
appear below the surface too. 

Professor G. Scuortr and others have made a statistical 
research into the annual range of surface temperatures 
of the ocean. In his “Geographie des Atlantischen Ozeans”’ 
ScHoTr [1926] has published a chart showing the geogra- 
phical variations of the annual range of surface tempera- 
tures in the Atlantic. The chart is here reproduced in 
Fig. 9. It appears that there is an absolute minimum of 
the annual range in the tropics. A secondary minimum, 
with differences between summer and winter temperature 
less than 5° C, occurs in the ocean south east of Green- 
land. In the Azoric high pressure area there is a secondary 
maximum, the annual range exceeding 8° C. Within a 
broad belt, extending from Europe to America the tempera- 
ture variation between summer and winter ranges from 
5° to a little above 8° C. Off the east coast of the U.S.A. 
and in the vicinity of the Newfoundland Banks there is 
an absolute maximum of the annual range of temperature. 

The conditions represented by the chart are easily 
explained. In the tropics the annual range is small, chiefly 
because of the position of the sun, with great noon alti- 
tude throughout the whole year and a relatively great 
cloudiness, the radiation being subject to small seasonal 
variations. In the Azoric high pressure area the seasonal 
changes in the altitude of the sun have a considerably 
more pronounced effect upon the absorption of heat, and 
because of the prevailing clear sky the radiation from the 
sea to the atmosphere in winter is fairly strong. Prevailing 
cloudy conditions and a deep-reaching vertical convection 
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in winter cause a decrease of the annual range south-east 
of Greenland. The abnormally large range of tempera- 
ture found off the east coast of the U.S.A. and New- 
foundland, is primarily due to seasonal changes in the 
position of the currents. In this area there are abrupt 
transitions from warm to cold water and a seasonal varia- 
tion in the relative distribution of these water masses, must 
necessarily cause particularly marked changes in tempera- 
tures referred to geographic co-ordinates. 

For a study of the seasonal variations in the water 
below the surface the material of direct observations is 
very poor. In.the literature 1 have found from deep off- 
shore parts of the eastern North Atlantic only 3 cases 
where serial observations have been taken at different 
seasons in the very same geographical position: One 
station W of Scotland, one SW of Ireland (referred to 
below), and one between Spain and Morocco. Each of 
these stations which have been taken by Danish expedi- 
tions, have been repeated once. 

During the “Thor” expedition in 1905, serial obser- 
vations were taken at 48° 4'N. Lat. and 12° 40’ W. Long. 
on June 7th (Stat. 68) and again on September 2nd 
(Stat. 178). The conditions are demonstrated by the 
diagrams of temperature, salinity and depth [“T-S-(D)- 
diagrams”] in Fig. 10. The numbers written along the 
curves represent the depths of observation, in metres. 
There are some differences of salinity between the two 
series, but they are mostly small and within the limits 
of error at 25, 400 and 1500 metres. During these 
summer-months the temperature had increased 5-2° C at 
the surface, 5:38° C at 25 metres, 3-23°C at 50 metres, 
0-40°C at 100 metres, and 0-11° C at 400 metres. By 
means of the curve on p. 74* we find the following 
“salinity-anomalies” in 1/100 °/oo and “temperature-ano- 
malies” in 1/100°C (cf. section 18): 


Temp.-Anomaly — 


| Depth Salinity-Anomaly 
Metres | 178 68 Diff. 178 68 Diff. 
| 

0 — 100 — 24 — 76 702 210 492 
25 — 86 — 12 — 74 642 113 529 
Si) TOS ae pa een 337 | 42| 295 
100 2 1 1 — 20; — 13) — 7 
400 4 4 Oo; — 44) — 45 1 
800 10 16 6 104 167 | 63 
1000 24 31 7 245 313 | 68 
1200 Bh) 29 — 6 | — 259} — 308 49 
1500 20 19 1 — 254 | — 247| — 7 


Owing to the differences in salinity, mentioned above, 
the differences in “temperature-anomaly” do not quite cor- 
respond to those in temperature. From the last column 
of the table we see that the variation of temperature at 


35-0 en 


20° 


Fig. 10. Temperature-salinily-depth diagrams for the “Thor” 
stations 68 (June 7th, 1906) and 178 (September 2nd, 1906). 


100 metres corresponds to a fall of temperature, when we 
take the variations of salinity into account. At 400 metres 
the variation is quite negligible. The high values of A § 
at depths between 800 and 1500 metres indicate a marked 
admixture of water from the Mediterranean at the locality 
in question. The differences from June to September 
between the anomalies at 800—1200 metres may suggest 
seasonal changes in the amount of Mediterranean water. 

When we plot out on mm.-paper the temperatures 
observed at various dates, we obtain rather a motley 
picture of the seasonal variations, if the observations are 
limited to a certain area of the sea, including different 
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Fig. 11. Chart showing the stations with serial observations used by the analysis of the seasonal variations of temperature. 
The numbers represent the dates when the observations were made, counted from 1 (January Ist) to 365 (December 31st). 


ATLANT. DEEP-SEA EXPED. 1910. VOL. I] 


PHYSICAL OCEANOGRAPHY AND METEOROLOGY 51 


or variable currents. The observations will refer to water 
masses with different mean temperatures which are not 
directly comparable by a study of the seasonal changes. 
On the very same day quite different temperatures may 
be observed at the same depth at different stations. The 
spreading of the points on the mm.-paper is then too 
great to allow of a somewhat certain construction of a 
curve representing the seasonal variations. By means of 


B° 


Figs. 13 and 16 these stations from 1924 are marked « 
and from 1925 /\. The material of observations comprises 
13 different expeditions and 11 different years. The num- 
bers which are inserted on the map give the dates of 
observation, January Ist having been reckoned as 1 and 
December 31st as 365. 

To begin with stations from the whole of the eastern 
North Atlantic between 32° and 60° N were combined for 


12° 


10° 


IX 


Figs. 12. (Area B) and 13 (Area C), Comparison between the direct obser- 
vations of temperature at 100 metres (upper part of the figures) and the 
“temperature anomalies” calculated with deference to the salinities observed. 


the above-mentioned “temperature anomalies’’ we may, 
however, to a considerable extent reduce our original 
observations so that the variations of currents are partly 
eliminated. By help of the curve on p. 74* the “normal” 
temperature corresponding to the salinity observed has 
been found and subtracted from the temperature observed. 
In the following we shall discuss the results obtained by 
this mode of proceeding. 

The map Fig. 11 shows most of the stations which 
have been used. South and southwest of Portugal some 
stations taken with the “Albacora”’ in 1924 and 1925 
could not be inserted in the chart for want of space. In 


the construction of curves representing the variations of 
temperature at different levels during a year. Some gene- 
ral differences appear, however, between the conditions 
in the northern, middle and southern regions. The obser- 
vations were, therefore, divided in 3 groups as shown in 
Fig. 1l1:—A: NW of Ireland, B: the Bay of Biscay and the 
sea further west, and C: the area between Portugal, Morocco 
and Madeira. In the two northern areas only stations 
from places where the depth is over 1000 metres have 
been taken into consideration, and in the southern area 
only stations with a depth of 800 metres or more are 
included. 


52 BJORN HELLAND-HANSEN 


{REP. OF THE “MICHAEL SARS” NORTH 


Figs. 12 and 13 demonstrate the difference in the re- 
sults which one obtains by taking the actual temperatures 
and the “anomalies” of temperature. The graphs refer 
to 100 m. below the surface for the two areas B and C, 
The marks in the upper part of each of these figures 
show the variations in the temperatures directly observed 
while the marks in the lower part represent the anomalies 
mentioned. It appears quite clearly from these figures 
that the large dispersion which the direct observations of 
temperature exhibits is greatly reduced by the new method. 
The dispersion is, in fact, reduced mostly to one half 
or one third, in some cases even more. By help of the 
“temperature anomalies” one can, with a rather high de- 
gree of accuracy, draw mean curves whereby seasonal 
variations stand out clearly. Beside the seasonal variations 
some annual changes may occur, a point which we shall 
return to later on. 

Most of the observations have been taken in spring 
and summer, and it is to be regretted that so few obser- 
vations are available from September to April. The re- 
sults with regard to the latter period are, therefore, rather 
uncertain. In the northern area A, there are no observa- 
tions at all from the beginning of September to the end 
of May. 

Figs. 14, 15 and 16 show the results from each of 
the 3 areas mentioned, for the surface, 25, 50, 100 and 
200 metres. Even though, due to absence of adequate 
material of observations, many details may be uncertain 
the chief features of the seasonal variations in temperature 
seem to appear fairly clearly. The curves present the fol- 
lowing results with regard to the upper 100 metres in the 
middle and the southern areas, the Roman ciphers indi- 
cating the months when minimum and maximum of tem- 
perature occur and Av the annual range of temperature: 


=a Area B Area C 
| Depth = 
Min, | Max. | Dt Min. | Max. | jee || 
O m. I VIII 7-7 II IX | 5:3 
PAY ey Il VIII—IX 6-8 II IX 4.7 
50) 35 Il IX—X 2-4 Il xX 1.4 
100 ,, Il XII | 0:7 II—IV | XI 0-9 
|e 


The annual range found for the surface seems to 
correspond as nearly as may be expected to the values 
represented in Scuort’s chart, Fig. 9. In the region corre- 
sponding to our area B the annual range of surface tem- 
perature varies from 6 to 8° C. according to ScHort. In 
the southern area the annual range found from the chart 
amounts to between 4 and 6° C. for most of the stations 
here dealt with. The coincidence is as good as may be 
expected and speaks in favour of the method here used. 


The amplitudes are still large at 25 metres and not 
much less than at the surface. They decrease rapidly 
downwards. At 200 metres the amplitude as found from 
the curve is practically nought in the southern area. In 
the area off the Bay of Biscay the curve for 200 metres 
shows some greater variations, especially a narrow maxi- 
mum in July, but these variations are rather doubtful 
(see further down). 

In Fig. 17 the curves from the 3 areas from 0, 25, 
50 and 100 metres are grouped together. The curves 
from one depth show great similarity in the general features, 
but some variations appear from one area to another which 
have a certain significance if they be real. These varia- 
tions probably chiefly depend upon the different origin 
and the “history” of the water masses which dominate 
in the area, ; 

The shapes of the curves do not correspond to simple 
curves of sine. At all depths the curves show a relatively 
flat course for the winter months. The physical expla- 
nation is evidently the following: When the surface water 
is cooled in late autumn and winter, the vertical convec- 
tion makes the deeper water layers take part in the cooling. 
A neutral equilibrium or even a state of instability develops 
to greater and greater depths as the winter cooling goes 
on. In this way increasing quantities of water have to 
be cooled with the effect that the fall of temperature 
(— =" | becomes less and less. In the later part of the 

Cc 
winter the water layers down to 100 metres or more give 
off some heat by being carried to the surface where the 
radiation outward and the convection of heat to the 
atmosphere exceed the absorption of solar radiation. Later 
on the heating of the surface starts and gives a relatively 
quick rise of temperature in the uppermost layers where 
the maximum of temperature is reached in August or 
September. The fall of temperature takes place compara- 
tively rapidly at the surface and 25 metres in September, 
October and November. When the temperature at the 
surface rises, the stability just below the surface increases 
and reduces the virtual conductivity of temperature down- 
wards. The deeper layers are thus comparatively little 
heated in summer (section 31) while the winter cooling 
in these layers is quite effective. This means that the 
mean annual temperature at, for instance, 50 and 100 
metres is much lower than it would have been if the 
vertical conductivity of heat had been constant all the 
year round. The difference amounts to more than 2° C, 
The winter minimum at 50 and 100 metres shows much 
the same temperature as the minimum at the surface but 
the summer maximum at those depths is very low com- 
pared with the maximum at the surface. 

The curves for 50 metres show a deformation in 
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and W. of Scotland and Ireland. 


Fig. 14. Seasonal variations of temperature at different depths within the area N. 
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Fig. 15. Seasonal variations of temperature at different depths in the Bay of Biscay and westwards. 
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Fig. 16. Seasonal variations of temperature at different depths within the area between Port 


ugal, Morocco and Madeira. 
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Fig. 17. The seasonal variations of temperature at 0, 25, 50 and 100 metres within the three areas A, B and C 
in the eastern North Atlantic. 
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Fig. 18. The vertical distribution of density at 3 pairs of stations in the eastern part of the North Atlantic. 


summer. In May and June the temperature increases 
fairly rapidly at this depth but afterwards the rise of tem- 
perature seems to be comparatively slow during some 
weeks, and then it becomes quicker again. This course 
of the variations may be explained by the variations in 
the virtual conductivity of temperature. Fig. 18 illustrates 
the variations of density from the end of May or begin- 
ning of June to the end of August or beginning of Sep- 
tember at three pairs of stations, one pair from each of 
the areas in question. Both stations from area B are taken 
at the same place; they are the same stations as repre- 
sented in Fig. 10. The stations belonging to each of the 
other pairs have not exactly the same position but are 
situated near each other. The curves demonstrate that 
the discontinuity layer develops very much from the end 
of May to the end of August in intensity and thickness. 
To begin with the discontinuity layer chiefly appears at 
about 25 metres or a little deeper. In July it has evidently 
developed so much that the conductivity of heat further 
downwards is very much reduced with the result that the 
rise of temperature at 50 metres is effectively retarded. 


All the time an absorption of heat radiation takes 
place at 50 metres. As shown in section 30 this absorp- 
tion gives a heating corresponding to an average rise of 
temperature of about 0-004° C per day or 0-12°C per 
month in the summer half. The “temperature anomalies” 
show in area B an increase of temperature in July and 
August of 0-82° C or nearly 0-6° C more than accounted 
for by the absorption of heat. According to the curve 
in Fig. 16 the increase of temperature in July and August 
is 0-25° C in the southernmost area (C) which corresponds 
exactly to the heating calculated for the absorption. In 
this case, no variations at 50 metres should take place 
on account of conduction of heat during this time of the 
year. It is quite obvious that the conditions so far are 
different in different areas, as the currents and the degree 
of stability are subjected to regional variations. 

At 100 metres a deformation of the curves similar to 
that at 50 metres appears in summer. It is still more 
marked in relation to the total seasonal variations than 
at 50 metres. If the curves are rightly drawn they demon- 
strate even a secondary minimum of temperature in August. 
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Such a minimum would mean that the conduction of heat 
from above has stopped for some time and colder water 
below affected the temperature. An examination of tem- 
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The observations have not been made at so small 
vertical intervals that a more detailed examination can 
be performed. 

The “anomalies” of temperature at 200 metres seem 
to show a narrow, but fairly prominent maximum of 
temperature in July in area B. It corresponds to the 
smaller maximum at 100 metres in the same area. The 
course of the curve is, however, rather doubtful. Changes 
from one year to another and not seasonal variations may 
have asserted themselves. Apart from this special feature 
the curves for 200 metres show an annual range of 0.3° C 
in area B and 0.25° C in area C. 

Our examination leads to the result that the seasonal 
variations in temperature are quite small at depths below 
200 metres, when we disregard possible changes in the 
velocity and direction of the currents. 

Even at 100 metres the temperature variations are so 
small that they in most cases are of subordinate importance 
in comparison with the local variations of temperature. 
For smaller depths observations from different seasons 
cannot generally be combined without a reduction to a 
certain time of the year. As the variations in temperature 
go nearly parallel to variations in density, the seasonal 
changes must be taken into account by exact calculations 
of the total pressure at certain depths or the depths from 
the sea surface to certain isobaric surfaces. 

When the amplitude and phase of the seasonal varia- 
tions of temperature at different levels are known, the 
virtual coefficient of temperature conductivity may be 
calculated. The mathematical operations are, however, 
complicated because the coefficient of conductivity itself 
is subjected to seasonal varitions. On my request, Dr. J. 
E. Fysetpstap of the Geophysical Institute at Bergen has 
performed a mathematical investigation of the problems. 
A solution is found on the assumption that the coefficient 
of temperature conductivity during the year varies with 
time as a function of sine. The effect of the absorption 
of heat radiation has been taken into account. A full 
report on these investigations will be published in another 
place later on, and here only the following results with 
regard to area B may be stated: 


In the uppermost water layers the virtual coefficient 
of temperature conductivity has an average value of about 
20 C. G. S. units. The value decreases fairly rapidly to 
a value which is nearly constant, at any rate down to 
100 metres, and amounts to about 3 C.G. S. units as an 
average for the whole year. The seasonal changes make 
the latter value vary between about 0-5 (in summer) and 
5:5 (in winter). 

These numerical values of the coefficient of temperature 
conductivity are much smaller than those of the coefficient 
of virtual friction. Many authors have tried to calculate 
the latter. It has been found that the coefficient of fric- 
tion is very small in discontinuity layers, but otherwise _ 
it may attain very high values. Values of about 200 C. 
G. S. units seem to be comparatively common in the sea 
[cf. V. W. Exman, 1927]. The ratio between the virtual 
coefficient of temperature conductivity and the coefficient 
of friction is probably of the order of magnitude ie 
and may perhaps sometimes be 10-2. The difference 
between the two coefficients is understood when we assume 
that the water particles rapidly alter their momentum 
according to that of the surrounding particles, while the 
variation of heat (and contents of salt etc.) inside the 
particles takes place comparatively slowly, and is not 
established before many of the particles in turbulent mo- 
tion return from their new position. 

The differential equations and their solution result in 
curves of the very same shape as those represented in 
our figures, and verify the physical discussion given above. 
The curves based upon the mathematical investigations 
show a long-stretched minimum, a comparatively narrow 
(pointed) maximum near the surface, and a relatively slow 
tise from minimum to maximum and rapid fall from 
maximum to minimum at 50 and 100 metres. They show 
even a variation in the rate of the temperature rise in 
summer at the latter depths, of a similar kind as described 
above, though not so marked. 

The seasonal variations dealt with above are those 
which are, so to speak, of a purely thermal character and 
which commonly start from the surface and propagate 
downwards. We have tried to eliminate the effect of changing 
currents as regards their higher or lower (absolute) mean 
temperatures, in order to obtain sufficient data for con- 
structing the temperature curves in question. By our mode 
of proceeding, the seasonal variations of temperature in 
a current which is relatively warm may be juxtaposed 
with those in water masses which are colder all the year 
round. But even the observations from the eastern North 
Atlantic — where the number of stations hitherto worked 
is relatively large — do not afford sufficient material for 
a more detailed analysis. Up to the present, we cannot 
treat properly either the variations in the distribution of 
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the single currents (“dynamical variations”, in relation to 
geographical co-ordinates) or the individual seasonal varia- 
tions of temperature within them (‘physical variations”, 
in relation to “oceanographical co-ordinates’, cf. above 
p. 47). The difficulties arise from the local variations 
which are so often met with. 

In the deeper strata below 200 metres, where the 
surface exerts next to no influence apart from the winter 
convection in some areas, seasonal variations in tempe- 
rature may occur as a result solely of variations in the 
course and velocity of the currents. 

The current system of the eastern North Atlantic 
seems to be rather complicated. In our discussion of all 


of temperature’. The different marks have the same 
significance as in Figs. 11, 12 and 15. The dispersion 
of the marks is rather great, on account of the local 
variations. There is no definite indication of any seasonal 
variations at this depth. It may also be referred to Figs. 
21—23. 


33. Variations from One Year to Another 
(Annual Variations). 
In the preceding section we have discussed the varia- 


tions of temperature which, on an average, take place in 
the course of one year within different areas. Within one 


ee th 


Fig. 19. Temperatures observed (upper part of the figure) and the corresponding 
“anomalies of temperature” at 400 metres in area “B”. 


modern observations made in this part of the sea up to 
the year 1922 Professor NANSEN and I came to the con- 
clusion [1926] that a number of vortices arise and reveal 
their presence by great variations of temperature and 
Salinity within short distances (local variations). This 
holds good on the assumption that the observations may 
be directly combined in sections and charts, and that the 
variations are not caused to any great extent by vertical 
oscillations. At about 1000 metres below the surface, 
water from the Mediterranean makes itsell felt in a vari- 
able degree. The salinities and temperatures are, relati- 
vely, very high at this depth in the Atlantic near the 
Straits of Gibraltar. Here we find very high positive 
values of salinity-anomaly (or negative values of “anomaly 
of temperature’). These anomalies gradually decrease in 
all directions as one moves away from the outlet from 
the Mediterranean. The local variations are so great that 
it is not worth while to try to use the same method for 
these intermediate depths that we have adopted in the 
above discussion of the upper water-layers. 

At 400 metres the conditions are much more uniform 
than at about 1000 metres. Fig. 19 shows the tempera- 
tures observed at 400 metres within our area “B”’ (the 
upper part of the Fig.) and the corresponding “anomalies 


and the same area considerable changes may, however, 
occur from one year to another, in the manner which 
is so familiar in meteorology. A certain month or season 
may be warmer or colder in one year than in another, 
and in most cases we find positive or negative departures 
from the mean temperature of the epoch. For the sake 
of brevity we shall term these variations annual variations 
in contradistinction to the average changes from season 
to season. 

When discussing oceanographic observations which 
had been made in the Norwegian Sea during a number 
of years, Professor NANSEN and the present author found 
[1909] that the temperature of the Atlantic water (S > 
35 °/oo) in this sea in May was subject to considerable 
annual variations. The Atlantic water entering the Faeroe- 
Shetland Channel becomes mixed with Arctic water, and 
the annual variations exhibited farther to the north may 
be explained either by the different proportions in which 
the water-masses are mixed or by variations in the 
temperature of the single constituents. In order to decide 
this question we have tried to examine the annual varia- 
tions in the North Atlantic, but for want of more adequate 
material we had to confine ourselves merely to a study 
of the surface temperatures towards the end of the winter 
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when they may also be expected to represent the water 
at considerable depths below the surface, in consequence 
of the vertical convection in the cold season. Our exa- 
mination embraced observations taken between February 
3rd and March 4th and partly also between March 15th 
and April 15th in each of the years 1898—1910 [HELLAND- 
Hansen and NANSEN, 1917, 1920]. 

Fig. 20 illustrates some of the results of this investiga- 
tion. The curves show the variations of surface tempera- 
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Fig. 20. Variations in the surface temperature for February in the 
eastern North Atlantic between 10° and 20° W. and between 37° 
and 59° N. 


ture for the first of the two epochs mentioned (February) 
in the North Atlantic off Europe between 10° and 20° W. 
The temperatures at the base-lines are the mean tempera- 
tures for February referred to the 1l-year period 1900— 
1910. The uppermost curve belongs to the area called 
“A” in section 32 (see Fig. 11); it represents the condi- 
tions within a belt which goes NE—SW and is about 2 
degrees of latitude in width. The other curves represent 
the conditions in an E—W direction, the second curve 
from above referring to a field which is 1 degree of 
latitude in width, the others to belts of 2 degrees. Curves 
2 and 3 fall well within the area “B”, and the lowermost 
curve within “C’’. 

The difference between the highest and lowest tempe- 
rature for February recorded during the years 1898—1910 
amounts to about 1-5° C (taken in the same succession as 
the curves in Fig. 20, beginning from above, the figures 
for the separate fields are: 1-4, 1-3, 1-4, 1-1, 1-5 and 
1-99 C). There is sometimes a difference of 1° C or 
more between February in one year and February in the 


following year. We observe that taken as a whole the 
curves change from one field to another, which means 
that the annual variations in the temperature of the upper 
water-layers are not the same within different areas even 
if these are fairly small and not far apart. The transi- 
tions are, however, mostly gradual, representing a certain 
progression in the appearance of the anomalies. Some 
features are common to all the curves, as, for instance, 
a fall in the February temperature from 1903 to 1904, 
a tise to 1905 and then a fall again to 1906, but the 
magnitude of the variations is not the same everywhere. 
As a tule the perfect mixing of the upper water- 
layers due to the vertical convection in winter has not 
reached its maximum depth as early as February; — 
generally it is not completed until the middle of March 
or later. The surface temperature in February may, 
however, be regarded as being approximately representa- 
tive of, say, the upper 100 metres, especially when the 
temperature is below the mean average for the month. 
The seasonal variations at 100 metres below the surface 
are relatively small according to the results set forth in 
the preceding section, and from February to June or even 
August—September they are smaller than many of the 
annual variations exhibited by the curves in Fig. 20. 
We have only a very scanty number of observations 
for the direct study of possible annual variations at 100 
metres or any other depth below the surface. As men- 
tioned above, a departure of a “temperature-anomaly” 
(in the sense described in section 32) from the average 
of the date, may to some extent indicate annual varia- 
tions. It must, however, be borne in mind that our 
examination of the seasonal variations of temperature in 
the upper water-strata is based upon very heterogeneous 
material, the observations having been collected from 
water-masses (currents) of different origin with unequal 
salinities. We have tried to eliminate the local changes 
and find the average seasonal temperature-variations, of 
what may be called a purely thermal character, for fairly 
large areas. Our method of elimination is not, and cannot 
be, so perfect that the irregular distribution of the points 
in graphs representing the actual temperatures altogether 
disappears; although it is much reduced. We have just 
drawn attention to the fact that the annual variations in 
the upper water-strata do not, as a rule, run parallel over 
very wide areas of the ocean, but alter from one field to 
another. Some of the water-masses may, therefore, have 
arrived on the scene with an original temperature which 
deviates, to a larger or smaller extent, from the temperature 
of the other water-masses in the same area as regards the 
annual variations Thus we cannot expect to find exactly 
similar anomalies everywhere within even a limited field 
where the annual variations may show appreciable differ- 
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ences from one locality to another. Even if we could 
restrict our examination to a characteristic current, the 
results might be rather doubtful, because the velocities 
may differ greatly in horizontal and vertical direction. 
Besides the purely thermal (‘physical’) variations we may 
have changes in the distribution and intensity of the cur- 
rents (“dynamic” variations), of such a nature that the 
actual mean temperature within an area may be higher 
or lower than the normal, even if the ‘anomalies of 
temperature’, found by means of the salinities, do not 
indicate it. In consequense of all these complications, 
the unravelling’ of the annual variations of temperature 
in the sea is at present very difficult. The material we 
possess may, however, give some indications. 

In the North Atlantic E. of 20° W. the velocity of 
the currents may be very considerable at about 100 metres 
below the surface, but probably in limited regions only. 
In our area “B” (Fig. 11) the velocity on the whole seems 
to be relatively small at such moderate depths, so the 
water is not carried far in the course of several weeks or 
months. A rapid motion in vortices is of no consequence 
in this connection. Accordingly we may compare the 
“anomalies of temperature” for moderate depths in spring 
with the temperature of the surface in February. A similar 
comparison may to some extent be carried out for “C”. 
From area “A” the material is too small. 

A comparison of Fig. 20 with Figs. 15 and 16 may 
give us some hints, but only in respect of the years 1905, 
1906, 1909 and 1910. We have no data from other 
years for this purpose. 

From 1/905 we have 3 stations. within area “B” in 
June, at about 51°, 50° and 48° N. (the latter station at 
about 8° W.) We have observations from 4 other expe- 
ditions and years in this area in June so that the average 
variation of temperature during this month is fairly well 
established (Fig. 15). The stations from 1905 seem to 
indicate that the temperatures at 50 and 100 metres below 
the surface were above the average for the times of 
observation. This agrees with the annual variations exhi- 
bited by the curves in Fig. 20 (the second and third 
from the top). 

In 1906 we have some stations taken by the “Thor” 
expedition in the northern part of our area “B” during 
June and August-September, The observations from June 
show normal temperatures at 50 and 100 metres, in accor- 
dance with the corresponding curve (the second from 
the top) in Fig. 20. 

In 1909 two stations taken from the “Thor” in the 
sea S. of Portugal (area “C’) at the end of February 
show relatively low temperatures at all depths between 
the surface and 100 metres, which corresponds well with 
the low temperature at the surface in the nearest field to 


the NW (the lowest curve in Fig. 20). Two stations in 
the Bay of Biscay (‘“B”’) at 45° 37’ and 47° 1’ N. in 
March (Fig. 15) seem to accord well with the normal 
conditions exhibited by curve no. 3 in Fig. 20. 

The “Michael Sars’ observations from /9/0 in area 
“B” in April and July seem to correspond to normal 
temperatures, as do also the surface observations in Fe- 
bruary. Some “Michael Sars’ and “Thor’’ stations in 
the sea between Portugal, Spain and Morocco (area ‘‘C’’) 
indicate normal temperatures in May and June 1910 at 
50 and 100 metres, while the surface temperature in the 
sea W. of Portugal was relatively high in February. (I 
have no material at hand to find the mean surface tem- 
perature and its relation to the normal temperature in 
this region in March). 

On the whole, there seem to be fairly good indica- 
tions of a direcé agreement between the annual variations 
of the surface temperature towards the end of the winter 
and the temperature for a considerable time (several 
months) afterwards at 50 and 100 metres, the transport 
of the water from one field to another being taken into 
consideration. 

Assuming that our graphs in Figs. 15 and 16 may 
be utilized for tracing further indications of annual varia- 
tions in the upper water-strata, we find that spring and 
early summer may be characterized as normal in /9// 
in area “B”; we have no observations of this kind from 
“C” in that year. The temperature was nearly normal 
in /9/4 in both the areas “B” and “C’’, and in /922 in 
“B”. In the latter year the temperature was probably 
slightly below the normal in area “C”, where it seems 
to have been relatively high in 7924 (March and May). 
The conditions in 1925 are uncertain. 

Fig. 21 illustrates the vertical distribution of tempe- 
rature, salinity and density at the “Michael Sars” station 
89 in 1910 and the “Armauer Hansen” station 58 in 1914, 
The stations had nearly the same position. The dates 
correspond to the numbers 201 and 191 in the chart, 
Fig. 11. In the same way the two next figures illustrate 
the conditions at a “Michael Sars” station and another 
taken quite near it but in a different year. The years 
(and dates) of the observations represented in Fig. 22 
are 1910 (202) and 1922 (177); and in Fig. 23 they are 
1910 (204) and 1906 (246). The differences in tempera- 
ture and salinity between one of the alien stations and 
the corresponding “Michael Sars” station have been com- 
puted for various depths, and are illustrated in the dia- 
grams inserted to the right in the figures. 

Leaving the uppermost water-strata out of account 
we see from Figs. 21—23 that the temperature at the 
stations considered was, on the whole, lower in 1910 
than in the other years. At the same time we find dilfer- 
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Comparison between the “Michael Sars” station 89 (in 1910) at 45° 55’ N., 22° 24’ W. and the 


“Armauer Hansen’’ station 58 (in 1914) at 45° 45’ N., 22° 15’ W. 


ences of salinity which for the most part accord well 
with the general rule of correspondence between tempe- 
rature and salinity. The differences of temperature are 
obviously not attributable to such seasonal changes as 
start from the surface and propagate downwards. The 
largest differences at depths between 200 and 600 metres 
are, in fact, exhibited by the curves in Fig. 22, represent- 
ing a case where the higher temperatures were observed 
towards the end of June (1922) and the lower towards 
the end of July (1910). Owing to variations in salinity 
parallel to those in temperature, the densities were prac- 
tically identical at both stations. In the two other cases 
the differences of temperature (and of density as well) 
were only small at the depths named. 


Below 600 metres the variations are considerable 
larger than at the higher levels. We will only give a 
few characteristic examples. At the “Michael Sars” sta- 
tion 89 on July 20th, 1910, the temperature at 800 metres 
was nearly half a degree centigrade higher than at the 
“Armauer Hansen’ station 58 on July 10th, 1914 (Fig. 
21). The difference of salinity was, relatively, larger still, 
so the density was higher at the warmer “Michael Sars” 
station than at the other. At 1000 metres the tempera- 
ture was higher at the “Armauer Hansen” station than 
at the “Michael Sars” station. By finding the anomalies 
of salinity based upon the temperatures observed, we ob- 
tain the following values: 
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Fig. 22. Comparison between the “Michael Sars’ station 90 (in 1910) at 46° 58’ N., 19° 6’ W. and the 
“Armauer Hansen” station 42 (in 1922) at 46° 56’ N., 18° 54’ W. 


| “Michael Sars” “Armauer Hansen” | 


| 
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When we consider that A\S, at the depths in ques- 
tion in the eastern part of the North Atlantic, gets rela- 
tively high positive values where there is an admixture 
of water from the Mediterranean, while water from the 
northwestern part has negative values (cf. the charts p. 
97*) we may venture to infer that practically no water 
from the Mediterranean was present at the “Armauer 
Hansen” station at 800 metres, though such water exerted 


quite an apreciable influence at this depth at the “Mi- 
chael Sars” station some few miles to the north-west. 
This can hardly be explained by local variations; it must 
probably be attributed to annual variations. At 1000 
metres hardly any difference exists between the two sta- 
tions as regards the effect of water from the Mediter- 
ranean, though some difference appears in the absolute 
values of temperature and salinity. 

Turning to Fig. 22, we have to make proper allow- 
ance for the uncertainty in the construction of the curves, 
which is due to the fact that the depths of observation 
(below 600 metres) are relatively few and more unequal 
at the two stations than in the cases illustrated by Figs. 
21 and 23. We find, nevertheless, that there are prob- 
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ably considerable differences between the two stations 
represented in Fig. 22. /\S has the following values: 


“Michael Sars” “Armauer Hansen” 
| Stat. 90 Stat. 42 
BONumetres\j-s.ceeene ok 6 13 
Ct eee ae oe ee 21 23 | 
te 200 eras eee ee ee 20 30 
1400 Sara th eee 14 12 


These values seem to indicate that water from the 
Mediterranean made up a less prominent part of the 
water-masses between 800 and 1200 metres at the “Mi- 
chael Sars” station than at the other. 

For the stations represented in Fig. 23 we obtain 
the following values of /\S: 


| “Michael Sars” “Thor” 
Stat. 90 Stat. 180 
| 
BOOMmetres\G).4).0.s seces 6 11 
OOO ay seieceaarles 21 25 
W200" iA thtoetercntcocre 20 23 


Here again, we have lower values at the station from 
1910 than at the other station. The differences are however, 
not so conspicuous as the differences in the absolute 
values of temperature and salinity. 

It is quite obvious that the physical conditions at 
about 800—1200 metres in the region W. of the Bay of 
Biscay are subject to great changes, either local or 
temporal. The charts on pp. 96* and 97* and the more 
detailed charts in Figs 28—-29 are based upon all ob- 
servations available regardless of possible annual or other 
temporal variations (cf. section 36). No doubt, the local 
variations at about 1000 metres may be very large in 
many parts of the eastern North Atlantic. To a great 
extent they are connected with the presence of water 
from the Mediterranean and would be found by perfectly 
synoptic observations too, even if some details in the 
charts would then be altered. An advance or a retreat 
of the water-masses in a horizontal direction, as well as 
changes in their vertical position, may produce a great 
effect at particular places (stations), and evidently such 
changes may come under the category of annual variations. 
Besides such fluctuations we probably also have variations 
in the temperature of huge bodies of water in general, 
and, as far as the eastern North Atlantic is concerned, in 
the proportionate amount of water from the Mediterranean 
that is present in the mixed water-masses at intermediate 
depths. The consideration of these phenomena suggests 
some interesting and important problems, but it would 
lead us too far afield to enter into them here. 


We have chiefly discussed the conditions in the 
eastern part of the North Atlantic, from which we have 
a comparatively large number of observations. Even here, 
however, a study of the annual variations must necessarily 
be unsatisfactory; and this is still more true when we 
turn to other parts of the North Atlantic, from which we 
have no material at all for such studies. In the preliminary 
report on the ‘‘Michael Sars” Expedition the present 
author [1912] made a comparison between serial tempera- 
tures taken by the “Challenger” and the “Michael Sars”, 
which seemed to indicate that the temperatures down to 
about 1000 fathoms were lower, and sometimes very 
much lower, in 1910 than in 1873 in the regions around 
37° N. and 48° W. This conclusion, however, is very 
doubtful, as insufficient allowance was made for possible 
local variations. 


34. Adiabatic Variations of Temperature. 


When a good insulating PETTERSSON-NANSEN water- 
bottle, which is fitted with a NANsen thermometer (cf. 
section 11) and a reversing thermometer as well, has been 
closed at a fairly great depth and hauled up quickly it 
will be found that the two thermometers indicate diffe- 
rent temperatures. The NANSEN thermometer will show 
a lower temperature than the reversing thermometer. An 
observation, for example, from 4000 metres in the North 
Atlantic will give a difference of about 0-45° C if the 
insulation of the water-bottle is perfect. This is a result 
of the diminution of pressure from about 400 atmos- 
pheres to 1 atm., and is explained as follows: when a 
compressible fluid has been exposed to pressure, and this 
pressure is diminished, the fluid expands. The expansion 
represents a quantity of work which is performed at the 
cost of the heat energy in the fluid if no corresponding 
quantity of heat is added from other, 7. e. exterior, sources. 
The temperature must consequently decrease when no inter- 
change with the surroundings takes place. If, on the 
other hand, a compressible fluid is exposed to increased 
pressure, some energy is added to the fluid and mani- 
fests itself by heating it. Such adiabatic variations of 
temperature are well known in meteorology. NANSEN 
[1901, 1902] has introduced the problem of adiabatic pro- 
cesses into oceanographic discussions. 

In our example with the insulating water-bottle not 
only the water-sample but also the solid parts of the 
water-bottle are subject to adiabatic expansion. If it 
were not for these solid parts, the decrease of tempera- 
ture within the water-sample would be less than that 
stated above, and amount to about 0-35° C. with a sample 
lifted from 4000 metres to the surface in the North At- 
lantic. This change represents the adiabatic variation of 
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Fig. 23. Comparison between the “Michael Sars’’ station 92 (in 1920) at 48° 29' N., 13° 55’ W. and the 
“Thor” station 180 (in 1906) at 48° 19’ N., 13° 53’ W. 


the temperature of the water in the absence of any foreign 
bodies. 

Let us assume that the water from the surface to a 
great depth is so perfectly mixed that a neutral equili- 
brium is established. The salinity must then be the same 
at all levels, while the temperature will show an increase 
downwards corresponding to adiabatic changes. The 
“bottom-water” in the great depths of the oceans is homo- 
haline, and is relatively cold. It must have been at or 
near the surface in some region where it obtained a low 
temperature before sinking to the abysses of the sea. 
While sinking it is heated adiabatically. If the deep 
water consists of water-masses which originally — when 
leaving the upper levels — were perfectly uniform with 


regard both to salinity and temperature, and the uni- 
formity has not been disturbed by other processes than 
variations in pressure, or if the descending water-masses 
are thoroughly mixed at greater depths, we may expect 
to find an adiabatic distribution of temperature. A slow 
heating takes place from the bottom of the sea and con- 
tributes to create such a distribution; in certain circum- 
stances we may even expect an “over-adiabatic” fall of 
temperature from the bottom upwards. 

If the salinity is uniform and the vertical distribution 
of temperature is isothermal, there will be a state of 
positive stability. 

With uniform salinity and an adiabatic distribution 
of temperature the value of « decreases slightly down- 
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wards without producing a state of instability. Some 
observations from the “Michael Sars” Expedition exhi- 
bited an increase of temperature and decrease of o¢ down- 
wards in the deep water of the North Atlantic and gave 
rise to a renewed discussion of the adiabatic variations 
in the sea and to the introduction of the notion of 
potential temperatures in oceanography. It will therefore 
be appropriate to deal more fully with these problems here. 
The adiabatic change of temperature may be com- 
puted by means of a formula by Lord KeLvin. When 
using the metre-ton-second system of units we have: 


b 
By ide (e. @: 
ene dz 
lf Ibe 


Here 7 denotes the absolute temperature of the water 
(273 + 71), e the thermal coefficient of expansion, g the 
acceleration of gravity, / the mechanical equivalent of 
heat (0-419), and c, the specific heat at constant pressure. 
The coefficient e varies considerably; it increases with 
increasing values of any of the elements: temperature, 
salinity or pressure. C, is also variable. 

Professor WALFRID EKMAN [1910, 1914] has published 
tables which make it easy to calculate the adiabatic effect 
in the case of sea-water. The following tables A—D 
have been compiled in accordance with the data given 
by EKMAN. 

Tables A and B are calculated for sea-water with a 
value of +, — 28-0, corresponding to S — 34-85 %/oo, 
which is very nearly the salinity of the deep water in 
the great oceans and in the Norwegian Sea. Such de- 
viations from S = 34-85 °/oo as may occur in the deep 
strata of the oceans, have so little effect upon the value 
of the adiabatic variation that it amounts to less than 
0-001° C. From Table A we may find the adiabatic cooling 
when the water is raised from a depth m to the surface. 
The argument 7», means the temperature in situ at any 
particular depth). Table B shows the adiabatic heating 
when the water is brought from the surface to the depth 
m. The argument zo means the temperature at the 
surface. 

Table C is computed for salinities between 30-0 and 
38-0 °/oo and temperatures between 0° and 22° C. The 
data are given for 1000 metres only, as such variations 


') Professor ScHOTT published [1914] a table of the adiabatic 
variations of temperature from different depths to the surface. SCHOTT’s 
data differ somewhat from those given here because he does not take 
into account that the temperature decreases all the time while the 
water is being drawn upwards; he regards the argument of tempe- 
rature as a constant for all depths. 

Within the interval of temperature between 0° and 4° C. the 
difference is about 0-055° for the deoth of 10000 metres. 


in salinity and temperature as are not covered by the 
two former tables are only found in the upper strata oi 
the ocean (excluding areas like the Mediterranean and 
the Red Sea). For depths down to 1000 metres it makes 
practically no difference whether we use rp, or 7, aS the 
argument ot temperature. The numbers printed in table 
C are averages of the numbers found by starting from 
1000 metres (cooling) and those found by starting from 
the surface (heating). In any case the error only amounts 
to 0-001° C. 

Table D, calculated for the deep water of the Medi- 
terranean, is based upon a z»-value of 31-0 (S = 38-57 °/oo). 
The two halves of the table correspond to tables A and B. 

From Tables A—D the value of dr at any value of 
tm Of to may be found with sufficient accuracy by linear 
interpolation as far as the tabulated depths are concerned. 
For other depths the graphical tables Fig. 24 and 25 
may be useful in connection with Tables A and B. The 
construction of the graphs is based upon a calculation of 
the correction to be added to the number found in the 
printed tables for the standard (some 1000 metres) level 
next above the level of observation. The diagrams are 
divided in several parts applicable for intervals of 1000 
metres: from 1000 to 2000 metres, 2000 to 3000 metres 
and so on. Within each part, curves are drawn for every 
50 metres; every second curve is numbered (from 1 to 
9 dekametres). The scale of the initial temperature (rc, 
Of ro) is found along the abscissa, with sub-divisions for 
every 0:2°. The correction for the adiabatic variation is 
tread along the ordinate, the numbers to the right and 
left in the figures being expressed in 1/100° C. Horizon- 
tal lines are drawn for every 0-001°. The use of the 
tables may be demonstrated by the following example, 
taken from observations in the Philippine Deep (cf. below): 

At a depth of 9788 metres the temperature in situ 
(cm) was found to be 2-60° C. By means of Table A 
we find for 9000 metres and 2-60° by linear interpola- 
tion dr = — 1-133. The graph in Fig. 24 gives for 
the remaining 788 metres between 9000 and 10000 metres 
and + = 2-60° an addition to dz of — 0-146°, so that 
the final value of dr is — 1-279°. If, therefore, the 
water is moved from 9788 metres to the surface the tem- 
perature would decrease adiabatically to 260 — 1-279 
== Ikeyile (C. 

On the other hand, when water of 72 = 1:321° C. 
is moved from the surface to 9788 metres we find in 
Table 8, 9000 metres: dc — 1-124°, and in Fig. 25 an 
additional number = 0-155°, or a total adiabatic varia- 
tion of 1-279°, and hence a temperature at 9788 metres 
of 1-321 + 1-279 = 2-60° C. 

To find the temperature which water at a depth of 
a metres obtains adiabatically when moved to a depth 
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A. Adiabatic cooling (in 


1 
=n OF 


100 


when sea-water (0 = 280) which has a temperature of 


metres, is raised from that depth to the surface. 


\tm | — 9° = 3° 0° 1° 9° 3° 4° 5° 6° 
| Nl NY 
| | 
| 1000 2.6 3.5 ek || ae a 7-0 7:8 8.6 9.5 
| 2000 7-2 8-9 10-7 |} 124 | 144 15-7 17-2 | 18-8 20-4 
3000 13-6 16-1 18-7 21-2 23-6 25:9 | 28.2 30.5 32-7 
4000 21-7 25.0 28-4 31-6 34-7 37-7 | 40-6 43-5 46.3 
| 5000 31-5 35:5 39-6 43-4 47.2 50.9 54-4 
6000 42.8 47-5 52.2 56-7 | 61-1 65:3 69.4 
7000 | | 662°! 713 | 762 | 809 | 855 | 
8000 | 81-5 87:1 92.5 97-7 102-7 
9000 98.1 104-1 109-9 1156 | 121-0 
10000 115-7 122-1 128-3 134-4 140-2 


ele eels 
10-2 11.0 117 | 124 
21-9 23-3 248 | 26-2 
34-9 37-1 39-2 | 41-2 
49.1 51-9 54-6 57-2 


B. Adiabatic heating (in 
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Soy] 


1000 
2000 
3000 
4000 
5000 
6000 
7000 
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9000 
10000 


1 
100 °c) when sea-water (0 = 28.0) which has a temperature of r, at 


from the surface to a depth of m metres. 


the surface, sinks 


| 
= 90 oot 1° 0° | 1° | 9° 3° 4° 5° 6° 7° | g° g° 10° 
ee ee say e e  e ee ee pa Pp 
2.6 3-6 4.5 5-4 6-2 7-1 7-9 8-7 9-5 10-3 11-1 11-8 12.5 
1 | 9.1 10-9 iD 14.3 16:0 17-5 19-1 20-7 22.2 23-7 25-1 26-5 
139 | 166 19-2 21-8 | 24-2 26-7 | 289 SH | |) REE 35:6 37-8 39.9 41-9 
22.4 25-9 29.3 32-6 35:8 39:0 | 41-9 44.8 47-7 50:5 53-4 56-1 58-7 
32.8 37-0 41-2 45-1 49.0 52:8 56-4 | 
44.9 49.8 54-7 59:3 | 638 68-1 | 72:3 
64.3 69-8 75-0 80:0 848 | 89.5 | 
80-4 86-4 92.1 97.6 102-9 
97-9 104-4 110-5 116-5 122-2 
116-7 123.7 130-2 136-6 142.7 


C. Adiabatic variations of temperature (in 1/100°C.) for 


the upper 1000 metres of sea-water at different salinities. 


| Joo | (har oF 9° 4° 6° 8° 10° 128 14° 16° 18° | 20° 22° 
30-0 3-5 5:3 | 7-0 8-7 10:3 11:8 13.2 | 14-7 16-1 17-6 18-9 20:3 
32-0 3-9 57 7:3 9-0 10-6 | 12.1 13-5 15-0 164 | 17:8 | 191 20-5 
34-0 4-3 6-0 7-7 9-4 10:9)55)) 12-4 13-8 15:3 16-6 180 | 19:3 20-7 
36:0 4-7 6-4 8-1 9.7 11-2 12.7 14-1 15-5 16-9 13) |) 19:6 20-9 
| 38-0 5:1 6-8 8-4 10-0 116 | 13-0 14-4 15-8 17-2 185 | 198 21-1 
D. Adiabatic variations of temperature (in 1/100°C.) in sea-water of og = 31-0. 
aes. 5 Ey oar 

a : ae 

12° 13° 14° 12° 13° 14° 

= = = wee = seit 

1000 14-4 15-1 15-8 14-5 15:3 16.0 

2000 30-0 31-4 32-7 30-4 31-8 33-1 

3000 46-6 48-6 50-6 47-4 49-4 51-4 

4000 64-2 66:7 69:2 65:7 68:3 70:8 
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Flg. 25. Adiabatic variations. Corrections to be applied to Table B for depths between those found in this table. 
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of 6 metres, we can first, by means of Table A and Fig. 
24, find the temperature which the water obtains when 
moved from a metres to the surface; and then, with the 
latter temperature as argument and by means of Table 
B and Fig. 25, find the change for a removal from the 
surface to 6 metres. 

The temperature which the water attains adiabatically 
when the pressure is altered is called the potential tem- 
perature at the new pressure [HELLAND-HaNsEN, 1912]. 
It may be detoned by 0: 


= Tm + Ot 


The removal may be indicated by means of indices 
in this way: when water with a temperature of vq at the 
depth of a metres is removed to a depth of b metres 
its potential temperature referred to the latter depth be- 
comes: 

OS S= 607 
a—>b a—>b 

The potential temperature referred to the surface (one 
atmosphere of pressure) is 0. 


a—o0 
We have: 
O- = ice 4+ a) ee 
a—>b a—>o o—>b 
The values of oz and dr’ are found in the 
a—>o o—>b 
tables. It must be emphasized that the argument for 
Ot iS tq, while for dc’ itis (ca + Oz). 
a—>o o—>b a—>o 


In the deep part of the oceans the variations in sali- 
nity are so insignificant that they have no influence upon 
the compressibility. They are, therefore, of no conse- 
quence in determining the value of dz. In the case of 
adiabatic equilibrium between the levels a and b we have: 


Ca = (OF =e, Ser 
b—>a b—>a 

th = 6 ae Ee oe 
a—>b a— >b 

6 = 0 

a—>o b—o 


None of these equations hold good if the vertical 
variations of temperature do not correspond to an adia- 
batic equilibrium. As an example we may take some obser- 
vations from great depths in the Pacific. G. Scuort [1914] 
has tabulated a number of observations from water near 
the bottom at various stations in the Philippine Deep and 
the New Pomeranean and the Bougainville Deeps, the 
observations from the two latter deeps being treated 
together. The observations are taken in 1907—1913 by 
means of reversing thermometers. Scnort has calculated 


the mean temperature at different levels. His results for 
depths of 5000 metres and downwards are quoted in the 
second column of the following table (c,,). As these 
temperatures are not the results of serial observations 
along a vertical they do not claim to give an absolutely 
correct representation of the strictly vertical distribution 
of temperature. The chief result seems, however, to be 
quite certain: the temperature in these deeps increases 
vertically downwards from 5000 metres to the bottom. 
By means of Tables A and B and Figs. 24 and 25 we 
have computed the potential temperatures referred to the 
surface and to two other levels (a and 4); the results 
are recorded im columns 3—5 of the table. 


m i | (om (om | om | 0° —Omin. 
@ |m—>o|m—>a ying | pe ce m—>a\m—>b 
1 | oe oe 4 Fe liiden 7 8 
The Philippine Deep (a = 6000, 6 = 9788) 
5000 | 1-50 | 1-047 | 1-642 | 2-310 || 0-031 0-032 | 0-033 
6000 | 1-61 1.016 | 1.610 | 2-277. 0-090 , 0.000 | 0-000 
7000 1-80 | 1-048 | 1-643 | 2-311 0-032 | 0-033 | 0-034 
| 8000 2:03 | 1-103 | 1-701 | 2-369 |) 0-087 | 0-091 | 0-092 
9000 | 2.32 || 1.203 | 1-805 | 2-475 || 0-187 | 0-195 | 0-198 
9788 | 2-60 || 1-321 1-928 | 2-600 0-305 | 0-318 | 0-323 
The Bougainville Deep (a = 5000, 6 = 8400). 
5000 1-81 1-345 | 1-810 | 2.358 || 0-000 | 0-000 | 0-000 
6000 2-00 1-389 | 1-855 | 2-404 | 0-044 | 0-045 | 0-046 
7000 2:23 1-457 | 1-926 | 2-476 || 9-112 | 0-116 | 0-118 
8000 | 2-53 1:577 | 2-051 | 2-603 | 0-232 | 0-241 | 0-245 
8400 | 2-66 | 1-631 | 2-107 | 2.660 | 0-286 | 0-297 | 0-302 


In the Philippine Deep the salinity is uniform and 
equal to 34-68 °/oo from 5000 metres downwards, accord- 
ing to Scuott. In this Deep a minimum of temperature 
in situ is found at 5000 metres, while the values of © 
show a minimum at 6000 metres. This means that the 
water between 5000 and 6000 metres is in a state of 
positive stability. The values of © increase from 6000 
metres to the bottom, which means a state of instability 
(an “overadiabatic” distribution of temperature). In co- 
lumns 6—8 of the table above, the @-values for the water 
at 6000 metres in the Philippine Deep are subtracted 
from the corresponding values for the water at the other 
depths. We see that the differences given in the three 
columns are not the same. Comparing the water at 
6000 metres (a) with that at 9788 metres (6) we find the 
following: when the water from both depths is raised 
to the surface the difference of potential temperature be- 
comes 0-305°, while if referred to 6000 metres the diffe- 
rence is 0-318°, and if referred to 9788 metres it is 0-323°. 
We should have adiabatic equilibrium if the temperature 
at 6000 metres were 0-318° higher than it actually is, 
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and assuming the temperature at 9788 metres to be as 
observed (2-60°), or if the temperature at the latter depth 
were 0-323° lower than it is, with rg— 1:61°. In the 
first case (c’g = 1-928°, cr» = 2-60°) we obtain 


6’ = © = 1.-321°, and in the second (cq = 1-61°, 
a—>o 6—>o 
mp 2D 1a), = 10" —s1-0167 ithe difference be- 


a—>o b—o 
tween these values being 0-305° or the same as is found 
between the two actual values of @. 


m—>o 


The conditions demonstrated by the observations from 
the Bougainville Deep are analogous. Here the salinity 
is, also according to Scuort, uniformly equal to 34-69 °/oo 
between 5000 and 8400 metres. The minimum value of 
© is found at 5000 metres, and the state of “over-adia- 
bacy” in the deeper layers is nearly the same as in the 
Philippine Deep. The following temperatures would give 
adiabatic equilibrium between 5000 and 8400 metres: 7, 
= 2-107° instead of 1-81° if +, — 2.66° as observed, or 
tT) = 2-358° instead of 2-66° if z_2 = 1-81° as observed. 


In the first case we have © = @ = 1-631° and 
a—>o b—>o 


in the second — 1-345°, the difference being 0-286°. 
These examples show that except in cases of adia- 
batic equilibrium the differences found by a comparison 
of potential temperatures of different water-masses vary 
according to the pressure to which the potential tempera- 
tures are referred. It is convenient to take one atmos- 
phere as the pressure of reference, and to calculate the 
values of ©. When nothing is stated to the con- 


m—>o 

trary, potential temperature means the temperature which 
a water-particle attains when it is raised adiabatically 
to the surface of the sea. A difference between two such 
potential temperatures does not show the exact amount 
by which either of the two temperatures observed has 
to be reduced in order to show adiabatic equilibrium. 
This point may be of some interest when deep-sea tempe- 
ratures are determined within a few thousandths of a 
degree (as can now be done), but otherwise a comparison 
of potential temperatures referred to the surface is suffi- 
cient for our discussions of the temperature conditions 
in the deep waters of the oceans. 

There are two main questions which arise in this 
connection: — 1. What is the temperature of the deep 
water before descending, if we assume that it is cooled 
somewhere at the surface and that its temperature alters 
on the way downwards merely as a result of adiabatic 
processes? Even if these assumptions do not actually 
hold good, it may be useful to compare the potential 
temperatures from different levels and stations so far as 
the deep water is concerned (cf. section 35). —2. Is the 
deep water in a state of stability or not, if the tempera- 


ture increases downwards and the salinity is uniform? 
On the latter assumption we have a state of stability until 
the vertical gradient of temperature reaches the adiabatic 
gradient. With a larger gradient of temperature in situ 
the conditions are instable and a vertical convection takes 
place. 

Provided that the above-mentioned observations from 
the two deeps in the Pacific are nearly correct, we have 
here an example of instability which must be due to 
constant heating from the bottom. By means of these 
observations the virtual coefficients of friction and of tem- 
perature conductivity may be computed (both coefficients 
probably being in this case identical) as pointed out by 
W. Scumipt [1917] and more recently by HEssELBERG. It 
has been assumed that the salinity is uniform in these 
deep strata, but it is open to question whether this is 
true, even if the amount of chlorine be constant. In this 
connection it may be mentioned that probably the quan- 
tity of lime is comparatively great, and increasingly so 
downwards, in the deep parts of the ocean, making the 
total salinity and density somewhat higher than a titration 
of chlorine shows. Not impossibly, therefore, the density 
at the potential temperature and atmospheric pressure — 
which density may be termed the “potential density’’ — 
approaches uniformity at the depths in question. *) 


35. The Deep Water of the North Atlantic. 


DEFANT [1928] has proposed to use for the different 
groups of water in the ocean a terminology analogous 
to that used for the atmosphere: the troposphere including 
the water-layers from the surface downwards as far as 
their temperatures exhibit vertical variations in any es- 
sential degree, and the stratosphere with but small 
variations of temperature. The uppermost part of the 
troposphere, on an average from the surface down to 
about 200 metres, is called the zone of variability 
(“Stérungszone’”’). Such a grouping is very convenient, at 
any rate formally. It may sometimes be better to use the 


1) In a paper just published, G. WUsT [1929] has discussed the 
observations from the Philippine Deep and the Bougainville Deep, 
and has corrected the values given by SCHOTT, quoted in the table 
above. According to WUsT the temperature in the Philippine Deep 
rises from 1-55° C. at 5000 metres to 248° C. at 9788 metres, while 
the salinity decreases from 34-68 to 34-66 oo. From the Bougain- 
ville Deep WUsrT finds at 5000 metres tm 1-97° C. and S = 34,71 
foo, and at 8400 metres tm = 2-60° and S = 34-67 oo. These 
values mean a smaller deviation from adiabatic equilibrium than sup- 
posed in the discussion above, but the instability is much the same on 
account of the decrease downwards of salinity. My intention here, 
however, has only been to use the data as a formal example to 
elucidate some general principles, and for this purpose it is unne- 
cessary to discuss the reliability of the absolute values of <m and S. 
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names tropo-hydrosphere and strato-hydrosphere in con- 
tradistinction to the corresponding terms for the atmos- 
phere, but when no misunderstanding can arise the 
shorter names are sufficient. 

Where to fix the limit between the troposphere and 
the stratosphere in the sea is more or less a matter of 
opinion. The vertical extension of the two spheres is 
very variable. In some small areas the troposphere may 
at times be absent, while in other regions it may reach 
1000, or 2000 metres, or more, but in most cases the 
transition to the more uniform stratosphere is very gradual. 
For a special ocean we may agree in fixing a certain 
isotherm as the limit between the two spheres. In the 
Arctic and Antarctic regions as well as in the Norwegian 
Sea we may, for instance, take the isotherm of 0° C., 
in the Mediterranean that of 13° C. ete. With regard to 
the North Atlantic 
isotherm of 3° C. as a limit. In the greater part of this 
ocean 3° C. is found at depths between 2000 and 3000 
metres below tne surface. The water of the stratosphere, 
with temperatures below 3° C., is here called the deep 
water, although in some regions it may arise to high 
levels. But in the upper strata of this water there is a 
vertical gradient of temperature too, even if it generally 
is considerably less than in the lower part of the tropos- 
phere. What is here called the deep water is often called 
the bottom-water, but we shall use this therm only with 
reference to the lowermost water-layers, or to deep water 
where the temperature in situ is either uniform or in- 
creasing downwards. The bottom-water is thus synonymous 
with the deeper part of the deep water. 

Quite a number of observations have been taken 
from the bottom-water (in combination with soundings), 
but until recently only very few vertical series have been 
secured from depths below 3000 metres. In 1921—22 the 
Danish expedition in the “Dana”, and in 1925—27 the 
German expedition in the ‘Meteor’ have worked a 
number of stations in the Atlantic with serial observations 
from great depths, but the observations are as yet only 
partly published. At present we possess, therefore, scanty 
material for studying the conditions in the real deep- 
water of the Atlantic, to say nothing of other oceans. 

The deep water of the North Atlantic has, in the 
main, its origin in the northern regions of this ocean. 
After a discussion of the bottom-water and the cooling 
of the Ocean NANsEN [1912] summarizes his results in this 


way: “the bottom-water of the North Atlantic has a 
salinity of about 34-90 °/oo and temperatures about 
2:4° C. It is chiefly formed at the sea surface in a 


limited area southeast of Greenland. It is also to some 
extent formed by water from the Norwegian Sea, flowing 
across the Faeroe-Shetland-Greenland submarine ridge”. 


it seems reasonable to select the 


The very salt and relatively warm water coming from 
the Mediterranean as an under-current through the Strait 
of Gibraltar is heavier than any water in the Atlantic and 
sinks here. In sinking it is mixed with Atlantic water. 
The mixed water attains such a density that the bulk of 
it is found at about 1000—1200 metres where the anomaly 
of salinity has a maximum, though at 2000 metres also 
the influence of the Mediterranean is very marked over 
wide areas in the eastern part of the North Atlantic. Even 
in the deep water at much greater depths such an in- 
fluence may be traced by slightly increased salinities and 
temperatures. 

On the other hand, deep water from the South At- 
lantic passes the equator and makes itself felt some way 
to the north, especially in the western part of the North 
Atlantic [BoHNECKE, 1927; WUst, 1928]. The temperature 
and the salinity of the deep water are lower in the South 
Atlantic than in the North Atlantic. 

In discussing the deep water of the North Atlantic 
we have, then, to pay attention not only to its chief 
source in the northern regions, but also to the arrival of 
water from southern latitudes and the effect of water from 
the Mediterranean. 

During the “Michael Sars” Expedition only a few 
observations were taken from the deep water. Our ob- 
servations at and over a depth of 3000 metres are grouped 
in the following table where © means the potential tempe- 
rature (referred to the surface of the sea) and og the 


corresponding density: 


| | | | 
| Stat. Metres | tm ey S %oo Ot 0) 59 
| | 
10 A 3000 744 f= = 2-19 = 
4500 a et 13 = 
49 C 3950 | 2-42 34-90 | 27-878 2-07 | 27-907 
4950 -465 90 874 1-98 915 
63 3000 9.90 | 34.92 | 27-853 2-64 | 27-875 
4000 355 88 .867 00 898 
4850 31> T= = 1-91 = 
91 3500 9.63 | 34965 | 27-912| 2.33 | 27-937 
4000 565}  — — 20 — | 
| 4750 .27* 915 903 | 1-82 939 | 
| 


The stations 10 A, 49C and 91 were situated in the 
eastern part of the North Atlantic (é. e. east of the cen- 
tral longitudinal ridge) and Stat. 63 in the western. 

The temperature at Stat. 91, 4750 metres was observed 
by means of a NANSEN thermometer, fixed in the lid of a 
PETTERSSON-NANSEN insulating water-bottle (section 12). 
When the water-bottle arrived on deck, the temperature 
was 2-00° C., but is was rising and would certainly have 
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Fig. 26. Stations where the temperature near the bottom has been observed. The numbers represent the stations and the potential 
temperatures (not the temperatures in situ). 
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been lower if the insulating capacity of the water-bottle 
had been perfect. A temperature in situ of 2-27° corre- 
sponds very nearly to neutral equilibrium. Perhaps 
the temperature should be put lower still. In any case 
it seems certain that the temperature at this station de- 
creased between 4000 and 4750 metres. 

At the “Michael Sars” stations 10 A, 49 C and 63 
the temperature in situ increased downwards at great 
depths. The determinations were made by means of 
RICHTER reversing thermometers, and the increase is greater 
than the error of observation. 

From Stat. 10 A we have no determinations of sa- 
linity, but we have reason to believe that the salinity was 
uniform from 3000 metres downwards. At Stat. 49 C 
the salinity was 34-90 °/oo both at 3950 and at 4950 
metres. At Stat. 63 the salinity at 4000 metres was a 
little lower (34:88 °/oo) than at the two other stations. 
This agrees with the supposition that the deep water has 
a sligthly higher salinity in the eastern part of the North 
Atlantic than in the western. The salinity at 4850 metres 
at Stat. 63 was not determined, but probably it was the 
same as at 4000 metres. 


Provided that = = O in the three cases where 


tm increases downwards, we may compare the potential 
temperatures from the point of view of adiabatic equi- 
librium. We then find that the temperatures in situ did 
not increase as much downwards as would correspond to 
adiabatic equilibrium. We had at all three stations a 
state of positive stability, however slightly developed. 
The vertical variation of potential temperature per 1000 
metres was — 0-04° at Stat. 10A, — 0-09° at Stat. 49 C 
and — 0-11° at Stat. 63. It may be that the differences 
between these values correspond to characteristic regional 
variations in the North Atlantic. 

Temperatures near the bottom at great depths in the 
North Atlantic have been taken by several expeditions. 
Most of them are from the “Challenger” Expedition, the 
observations being made in 1873 and 1876 by means of 
the Miller-Casella maximum and minimum thermometers. 
These observations are not so accurate as observations 
with the modern reversing thermometers. The thermo- 
meters used on board the “Challenger” were mostly read 
in 0-1° F., but the instrumental error was probably greater 
in many cases, and the corrections applied are rather 
uncertain. 

The principle of the Miller-Casella thermometers does 
not allow the registration of secondary maxima appearing 
at depths passed by the instruments when they are hauled 
up. A slight increase of temperature towards the bottom 
cannot be detected by these thermometers. Observations 
ostensibly taken near the bottom may, in reality, show 


a minimum of temperature occurring in the water at some 
distance above the bottom. In such cases the tempera- 
tures recorded as bottom temperatures are too low, if 
the observations are otherwise correct. For instance in 
the Philippine Deep where reversing thermometers — as 
mentioned in the previous section — showed an increase 
of temperature from 1-50° C. at 5000 metres to 2-60° at 
9788, Miller-Casella thermometers would have uniformly 
shown 1-50° C. all the the way from 5000 metres down 
to the bottom. The bottom temperatures recorded by the 
“Challenger” Expedition cannot therefore be used for a 
discussion of the adiabatic variations in the deep parts of 
the ocean in the same way as the more modern observ- 
ations from the Pacific deeps. It may be added, how- 
ever, that the determinations of temperature from the 
“Challenger” Expedition seem otherwise, in the main, to 
be remarkably good. 

The chart, Fig. 26, shows the position of the “Chal- 
lenger’ stations and some stations from other expeditions, 
where observations have been taken near the bottom at 
depths of 4000 metres or more. The four “Michael Sars” 
stations, referred to above, are also included. In the chart, 
isobaths are drawn for 4000, 5000 and 6000 metres. The 
central longitudinal ridge stands out very clearly, dividing 
the ocean at great depths into an eastern and a western 
region. 

Fig. 27 exhibits the ‘bottom temperatures’ from depths 
below 4000 metres at the “Challenger” stations. The 
temperatures in situ (rm) ate shown to the left in the 
figure, and the corresponding potential temperatures (0) 
to the right. The black dots refer to stations on the 
eastern side of the central ridge, and the crosses refer to 
stations on the western side. Stations south of 10° N, 
are omitted. 

The latter figure shows that the temperatures of the 
bottom-water are generally higher in the eastern part of 
the North Atlantic than in the western. When we group 
the temperatures for some intervals of depth and calculate 
the averages (in C°), we find: 


| Eastern part Western part 
Metres | ] 5 
Tm 8 om 6 | 
| J | 
40C0 to 4500 2-54 2:15 2-46 2-04 
4500 te 5000) 2.61 2-14 2-43 1.97 
> 5000 2-70 2.16 2-29 1-77 


The difference between the mean temperature i situ 
in the eastern part and that in the western part becomes 
more marked the deeper one goes. It is relatively small, 
about 0-1° C., at depths from 4000 to 4500 metres, in- 
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Fig. 27. 
“Challenger” Expedition. 


creasing to 0-2° in the next interval of depth and to 0-4° 
at depths below 5000 metres. Similar variations are found 
in the potential temperatures. 

With regard to the eastern part of the North At- 
lantic the mean temperatures in situ demonstrate an 
increase downwards which corresponds to adiabatic 
equilibrium (uniform potential temperatures). At first 
sight it might seem as if the observations here revealed, 
after all, conditions which were supposed not to be de- 
tectable by the Miller-Casella thermometers. Further 
consideration, however, lead to the conclusion that this 
apparent contradiction must be ascribed to regional 
variations. 

The relatively high values of z, at depths between 
4500 and 5000 metres and below 5000 metres are due 
to the observations from Stats. 5—9 and 81. Probably 
the bottom-water at these stations is influenced by water 
from the Mediterranean. The charts from 1000 and 2000 
metres on p. 97*, demonstrating the distribution of salinity- 
anomaly, indicate the appearance of water mixed with 
water from the Mediterranean. As previously mentioned, 
such mixed water causes high positive values of A 8. 
The chart for 1000 metres shows maximum values in an 
area off the coast of Portugal, north of 35° N. At 2000 
metres the values of /\ § are lower, but the maximum 
values appear in a belt more to the south-west, towards 
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To the left: temperatures in situ in the bottom water of the North Atlantic according to observations from the 
To the right: potential temperatures corresponding to the temperatures observed. 


30° N. It is very probable that the layer of A Smax. 
sinks farther to the south-west and that vestiges of water 
from the Mediterranean appear in the bottom-water as 
far south as 25° or 20° N. Lat., and possibly still farther 
south. The presence of this mixed water is indicated 
by comparatively high temperatures and salinities, but the 
deviation from the normal Atlantic conditions is more 
pronounced in salinity than in temperature. Even if high 
positive values of salinity-anomaly correspond to negative 
values of temperature-anomaly, the absolute values of 
temperature im situ are higher in such water than they 
are in the ordinary Atlantic water to which water from 
the Mediterranean has not been added. We shall return 
to this point in section 38 and only note here that very prob- 
ably the high values of cr» at the “Challenger” stations 
5—9, at greater depths than 4500 metres, are due to the 
influence of Mediterranean water. This assumption is 
strengthened by sections published by WUsr [1928, Pls. 
XXXIII and XXXIV], showing, for instance, that at depths 
below 4000 metres a maximum of salinity appears in 
about 15—35° N. in the central part of the eastern North 
Atlantic. 

In this connection it may also be noted that the 
temperature at the “Michael Sars’’ Stat. 10 A, 4500 metres, 
is relatively high. This station was worked in an area 
north of Cape Finisterre where water from the Mediter- 
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ranean is indicated quite distinctly at higher levels, as 
shown by the charts on p. 97*. In this respect there is 
a marked difference between the area near Stat. 10 A 
and that around Stat. 91, where the temperatures of the 
bottom-water seem to be considerably lower. 


The conclusion to be drawn from this is,.then, that 
the apparent increase of rm with increasing depth in the 
eastern regions is due to regional variations, and does 
not represent the distribution of temperature along a 
vertical. 


Fig. 27 and the small table above indicate that, 
generally speaking, +» as well as @ decrease with in- 
creasing depth in the western North Atlantic. It may be 
that the deep water is actually more stable in this part 
of the sea than on the eastern side of the central ridge. 
It is very doubtful, however, whether the apparent result 
of the “Challenger” observations corresponds to the real 
conditions. We see, for instance, that the observations 
at all “Challenger” stations between 30 and 39, at depths 
between 4480 and 5212 metres, show exactly the same 
temperature in situ, 250° C., with the exception of Stat. 
32, where the depth is 4214 metres only and r, = 2.61°C. 


It is possible that a minimum of temperature may 
occur at about 4500 metres in this area. Analogous 
conditions may be indicated in other areas too. In other 
words, it is possible that there may be a rise of temperature 
in the bottom-water in the western North Atlantic as weil 
as in the eastern. The observations at the ‘Michael Sars” 
Stat. 63 actually show a slight increase of temperature 
between 4000 and 4850 metres. However this may be, 
it seems to be a fairly well established fact that the 
temperature of the bottom-water is higher, on an average, 
in the eastern than in the western North Atlantic. 


The potential temperatures calculated from obser- 
vations near the bottom at depths below 4000 metres are set 
out in the chart, Fig. 26. Most of them are due to the 
“Challenger” Expedition and are, therefore, as stated 
above, of doubtful reliability. They are apt to be too 
low, unless the minimum temperatures registered by the 
Miller-Casella thermometers are subject to systematic errors 
tending to give too high values. In any case, however, 
the data recorded by the “Challenger” in both parts of 
the North Atlantic are probably valid for mutual compa- 
rison and may serve to demonstrate the essential features 
of the local geographic variations in the bottom-water. 
The data procured by other expeditions and inserted on 
the chart, Fig. 26, seem to fit in quite well with the 
“Challenger” observations. Besides the deepest of the 
“Michael Sars” observations mentioned above, these data 
are as shown in the following table: 


[REP. OF THE “MICHAEL SARS” NORTH 
Expedition Stat. | m. ae 9° 
Valdivia 1898 > 2.7.5-- 45 4990 2-4 1-91 
Planet ol S06i-% nersce oe 8 4060 2-5 2-13 
ae! | eine anetetelose 10a 5124 2-6 2-09 
Sa atelee tite 10b 5129 2-6 2-09 
nor Bas 11 4743 2-5 2:04 
SS ieee 12 4226 2-4 2-01 
ge re analy 17 5138 2-2 1-70 
Deutschland1911...... 35 4653 2-47 2-03 
=," . a Aisne 39 5108 2-46 1-96 
a aale as Bee 40 4416 2-49 2-08 
een Res a ae |/ea2 4274 | 2-43 2.04 
NS Oc 50 4350 1-87 1-49 
SB fo So gesee we 53 4836 1-65 1-22 
ee «ences testes ae 54 4649 1-68 1-27 
Sp) faye dearentinrots 58 4143 2-48 2:10 
mas Soe Nae. tra jatere ete 6) 4270 2-45 2-06 

Mawe=l9ll 2 aceite 24 4288 2:35 1-96 | 
SS ade wept 25 4790 2:33 1.87 


Some of the depths recorded for the “Deutschland” 
observations are uncertain, as the sounding wire was in 
some cases deflected rather far from the vertical. 

Our chart (Fig. 26) demonstrates appreciable local 
variations of temperature in the bottom-water. In the 
eastern North Atlantic potential temperatures are found to 
be mostly above 2-0° C. In the southernmost parts, near 
the equator, some observations show lower values, with 
a minimum of @ = 1-70° C. at the “Planet” Stat. 17. 
At the “Challenger” Stat. 103, where m = 4526 metres 
and tm — 2-22° C., @ is 1-80° C. The low temperatures 
are due to water which comes from the western South 
Atlantic by way of a deep passage cutting through the 
central longitudinal ridge {the Romanche Deep), as sugge- 
sted by Scuott and Scuutz [1914] and proved by BoHNECKE 
[1927]. 

The “Challenger” station 104 (m — 4572 metres) was 
situated about 180 naut. miles W. of Stat. 103. The 
depths were nearly the same at both stations, but the 
temperatures observed near the bottom were different. 
At Stat. 104 c, was — 2-55° C., the corresponding po- 
tential temperature being 2-12° C. At Stat. 102, about 
132 miles E. of Stat. 103, we have m — 4480 metres, 
tim = 2.50° CGC andvO) = 2:08 Gs or neatlysthetsame 
temperature as at Stat. 104 on the other side of Stat. 
103. Provided that the observations are fairly correct, 
we arrive at the important conclusion that the temperature 
in situ of the bottom-water as well as the corresponding 
potential temperature may exhibit considerable variations 
in a horizontal direction even if the depth is greater 
than 4000 metres. Similar examples are found by com- 
paring, for instance, the “Challenger” stations 80 and 81, 
or Stats. 6 and 353 (cf. also the “Deutschland” station 
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15), or the “Michael Sars” stations 10 A and 91. These 
examples are taken from the eastern region, but some- 
thing similar holds good for the western North Atlantic 
as well (cf. for instance the ‘Challenger’ stations 19— 
21). We have not yet a sufficient number of determinations 
to examine the variations in salinity in the bottom-water. It 
is highly probable that the salinity exhibits horizontal 
differences which correspond to the differences of temp- 
erature, and that, accordingly, the densities are prac- 
tically uniform. If not, there must be a field of force, 
which would mean that the velocity of the bottom-water 
is subject to vertical variations. 

Bottom-water from the South Atlantic with relatively 
low temperatures spreads northwards on the western side 
of the North Atlantic. At the “Challenger” station 110 at the 
equator in about 30° W. the depth was 4160 metres and 
the temperature observed near the bottom 1-:55° C. (@ 
= 1-20° C.). The temperature in situ and the potential 
temperature increase northwards as is seen from the chart, 
Fig. 26. The “Challenger” observations in abouth 20° N. 
(Stats. 15—21) seem to indicate that the cold bottom- 
water from the south exerts itself more strongly on the 
American side of the deep basin than along the central 
tidge. It is, however, impossible to draw safe conclusions 
from our material in this regard, on account of the inad- 
equacy of the Miller-Casella thermometers and the lack of 
observations between 2743 metres (1500 fathoms) and the 
bottom. The depth to the bottom is less than 4500 
metres at Stats. 15—17, but about 5500 metres at Stats. 
19—21, and a water layer with a minimum of tempera- 
{ure may exist between these levels, as already stated. 

It deserves notice that the apparent bottom-tempe- 
rature observed was everywhere 2-5° C. or more at the 
“Challenger” stations between 30 and 43 where the depth 
to the bottom exceeded 4000 metres. Temperatures as 
high as these were observed at no other stations below 
4000 metres in the western North Atlantic, with the excep- 
tion of Stats. 17 and 66 and one of the “Deutschland” 
stations. They correspond to the potential temperatures 
above 2-0° C. (at Stat. 39:1-98°) shown in the chart, 
Fig. 26. It seems natural to infer that the bottom-water 
below 4000 metres in an area west of about 65° W. Long. 
and north of about 33° N. Lat. is influenced by the Sar- 
gasso Sea in the same way that the bottom-water in the 
eastern North Atlantic appears to be affected by the Medi- 
terranean. 

We have hitherto chiefly discussed the temperature 
of the bottom-water at depths below 4000 metres. This 
water has to a great extent come from the northernmost 
part of the North Atlantic where the depths are smaller, 
and it must have, so to say, moved down hill. As men- 
tioned above, the bottom-water of northern origin is 


mainly formed by the cooling of the sea surface in a 
limited area near Greenland, but partly also by a flow 
of cold water from the Norwegian Sea across the Faeroe 
—Iceland—Greenland Ridge at depths of, broadly speaking, 
about 500 metres. The latter water gets mixed with the 
water in the Atlantic in a similar way to the water coming 
from the Mediterranean across the ridge at Gibraltar. 


The water near the bottom in the northernmost part 
of the North Atlantic exhibits great local variations in 
temperature and salinity, even at depths of 3000 metres 
and more. In the eastern part of the region in question, 
the temperatures im situ near the bottom at such depths 
are relatively high, between 2:5 and 3° C._ This is evi- 
dently due to the influence of the Mediterranean even 
in these high latitudes. Some observations made during 
the “Armauer Hansen” Expeditions in 1913 and 1914 
are quite illuminating. Stat. 6 in 1913 was taken in 
54° 2’ N. and 24° 34’ W. The depth sounded was 3368 
metres and the salinity of the water at the very bottom 
was 34-98°/oo. The lowest observation of temperature was 
secured from 3000 metres, where rm, — 2:83° C., S = 
34-97 °/oo and o; 27.90. In 1914 a station (62) was worked 
in 52° 47’ N. and 16° 39’ W. The deepest observation 
was taken at 3200 metres and gave cr, = 2-:77°, S = 
34-98 °/oo and «+ — 27-91. No sounding was made, but 
in all probability this observation was from a ievel not 
far above the bottom, to judge from the charts. rc, — 
2-83° at 3000 metres correspond to @ = 2-57° and r_,—= 
2-:77° at 3200 metres to 9 — 2-49° C. These potential 
temperatures are, however, decidedly higher than those 
computed for the bottom-water at depths below 4000 
metres in the eastern North Atlantic, so the water near 
the bottom at these two stations cannot directly form the 
bottom-water farther south in the ocean. The poten- 
tial densities found from the observations in question 
are 27-920 and 27-934 respectively. At the “Michael 
Sars” Stat. 91 in about 471/2° N. the observations from 
3500 metres gave: tm, = 2-63°, S = 34-965 %/oo, a 
27-91, 8 = 2-33° and og — 27-937. This fits in very 
we!l with the observations from 3200 metres at the “Ar- 
mauer Hansen” Stat. 62, when the difference of depth is 
taken into account. This water does not belong to what 
we have called the bottom-water in our discussion above, 
but to a higher layer in the deep water. At the “Mi- 
chael Sars” station 91, 4750 metres, the salinity observed 
was just what must be expected for the bottom-water in 
the eastern North Atlantic, 34-915 °/oo, with a temperature 
in situ estimated at 2-27° C. and a corresponding poten- 
27-94). Water of the 


same salinity and potential temperature was not observed 
at the above-mentioned stations 6 and 62 of the “Ar- 


tial temperature of 182° (og = 
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mauer Hansen”. It obviously did not exist at the former 
station, as the salinity at the bottom was as high as 34-98 
foo. At the other station it may have existed in a rela- 
tively thin sheet between 3200 metres and the bottom, 
but that is not probable when we consider that this station 
(62) is situated much farther to the east than Stat. 6. In 
this case, and provided that considerable temporal changes 
do not take place in the deep water, the bottom-water of 
northern origin appearing in the eastern part of the North 
Atlantic does not come from due north, but from regions 
more to the west. 

During the “Ingolf’ Expedition in 1895 [KNUDSEN, 
1898], 5 stations were worked along a curved line from 
SE to W of Cape Farewell, at a distance of between 120 
and 160 nautical miles from land. The following table 
gives the results of observations near the bottom at these 
stations: 


Stat. | es bole. m Beat Or | G21G; S %Yo0 
| 20 58° 20’ | 40° 48’ | 3192 1s | 126| 3497 
| 21 58° 1’ | 44°45’ | 2505 2-4 2.20 | 34-72 | 
| 92 | 58°10' | 48°25 | 3474 14 113 | 34-96 | 
b | a8 59°12 | 51° | 3521 1:3 1-03 | 34-60 
| 37 60°17 | 54°5’ | 3229 1-4 115 | 34-63 


At the time of the “Ingolf’ Expedition the methods 
of determining the salinity were not nearly as exact as 
they are nowadays, and the salinities cited above cannot 
be expected to satisfy our demands with regard to accuracy 
in dealing with the bottom-water of the oceans, although, 
on the whole, KNupsEN’s determinations are remarkably 
good. The salinity of the bottom-water found at Stat. 
21 should probably have been about 34-90, as 34-94 was 
observed at 1695 metres with a temperature in situ of 
2-9° C. Similarly, the salinities found at Stats. 38 and 
37 are certainly too low. 

The temperatures from the “Ingolf’” were determined 
by means of reversing thermometers. In general they 
are probably too low, because they are not corrected for 
the heating of the severed column of mercury, and the 
temperatures of the surface waters and the air were much 
higher than those of the deep water. At any rate, the 
bottom-temperatures recorded at depths below 3000 metres 
are much lower than those found in the deepest bottom- 
water of the North Atlantic. 

The table above shows temperatures (r» as well as 
9) which decrease fairly regularly with the depth. 

Wust [1928] suggests that a ridge, which he calls 
the Newfoundland Ridge, connects the Newfoundland Bank 
with the central longitudinal ridge of the North Atlantic, 
and thus forms the southern limit of a deep called “The 


Labrador Deep”. This does not appear from our bathy- 
metrical chart on p. 63%, but is indicated on Fig. 26. 
In his sections (/. c. Pls. XXXII] and XXXIV) Wuwsrt indi- 
cates that the depth of the Newfoundland Ridge below 
the surface is about 3000 metres. It is very probable 
that the deep water below this depth in the sea south 
of Greenland is shut off from the deep water in lower 
latitudes. In this case we must look for the chief nor- 
thern source of the bottom-water of the North Atlantic 
Ocean at levels above 3000 metres. The observations 
from the “Ingolf’, cited above, seem to show that such 
water existed between 2500 and 3000 metres in the sea 
south of Cape Farewell. 

In his above mentioned paper in 1913 NANSEN repro- 
duces two charts (/. c. Figs. 8 and 9) illustrating the con- 
ditions at the surface of the sea between the British Isles, 
Greenland and Newfoundland in April. He defines an 
area where the conditions seem to be specially favourable 
for the formation of bottom-water, with temperatures of 
about 2° C. and salinities of about 34-9 °/oo. The Danish 
Meteorological Institute has constructed isotherms for the 
mean monthly temperatures of the surface of the sea 
north of 50° N., based upon observations from 1876 to 
1915. There are only a few observations made in winter 
in the northwesternmost parts of the Atlantic, so the 
isotherms can only be drawn approximately. There is 
no doubt, however, that temperatures of about 2° C. 
appear at the surface over quite long stretches outside 
the drift-ice along southern Greenland in winter, when 
no ice-melting takes place and the salinity is, presumably, 
relatively high in these regions. From what may now 
be deduced it seems very probable that salinities of about 
34-9 °/oo here coincide with temperatures varying between, 
say, 1° and 3° C. 

We have, unfortunately, no vertical series with obser- 
vations of temperature and salinity from the areas in 
question in winter, but we may safely conclude that an 
extensive vertical convection must take place where the 
surface waters have attained such high densities as result 
from temperatures of 1°—3° C and a salinity of 34-9 °/oo. 
The heaviest, i. e. in this case the coldest, water will 
sink deepest. We must then assume that the coldest 
water follows the deepest parts of the sea-bed and collects 
in the Labrador Deep (an excess being carried away by 
mixing with the water above) while water with a poten- 
tial temperature of around 2° C. occurs at higher levels 
and spreads southwards. It may move across the New- 
foundland Ridge to the western part of the North Atlantic, 
or eastwards, south of the Reykjanes Ridge (see the ba- 
thymetrical chart, p. 63*) to the eastern part. It is very 
probable that considerable annual variations may occur 
in the temperature as well as in the quantity of the 
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bottom-water coming in this way to the Atlantic Ocean 
from the north, but we have no observations for studying 
this question. That there must be a seasonal variation, 
with a maximum flow of bottom-water alter the winter 
cooling, is a priori most probable. 

We know practically nothing of the movements of 
the deep water. Quite generally we may infer that the 
bottom-water in the greater part of the North Atlantic 
moves with a component towards the south, but nothing 
definitely can be stated with regard to vetocities. We 
possess too few trustworthy determinations of salinity (den- 
sity) from the bottom-water, and lack vertical series of 
observation from great depths. No dynamic calculations 
of any value can be made. 


36. The Horizontal Distribution 
of Temperature in the Troposphere. 


If there were no currents in the sea, isotherms repre- 
senting the mean annual temperatures would go in an 
almost east-west direction and be evenly distributed, with 
some relatively small deviations due to variations along 
the parallels in the balance of gain and loss of heat. 
The large and often irregular horizontal variations actu- 
ally existing in the North Atlantic and in other oceans, 
with isotherms going in many directions and with very 
variable horizontal gradients of temperature, are mainly 
due to currents. When we disregard the pure wind-cur- 
rent at the surface, we may state as a general rule, that 
the greater the horizontal variations of temperature are, 
the stronger are the currents, and vice versa. We have, 
then, to consider the variations not only at a certain level, 
but at higher and deeper levels as well. The validity of 
the rule is due to the fact that the variations in tempera- 
ture coincide, on the whole, with variations in density. 

In places where the horizontal variations of tempera- 
ture are relatively large, therefore, the transport of water 
is also relatively large, with a quick conveyance of its 
content of heat, as well as of its other constituents such 
as salt, plankton organisms etc. In order to illustrate this 
we may refer to the charts for 109, 400 and 600 metres 
on p. 96*. They show a crowding of the isotherms especi- 
ally in a belt which exactly corresponds to the site of the 
Great Atlantic Current. In regions where the horizontal 
gradient of temperature at all levels is relatively small, 
the water moves but slowly. This connection between the 
distribution of temperature and the currents has already 
been mentioned above (pp. 21 and 36), and it will be 
further explained in the chapter on the dynamics of the sea. 

According to a law of “parallel solenoids’, we find 
that the isotherms generally run parallel at the various 
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depths, when we make proper allowance for the vertical 
variations of temperature. This means that femperature 
charts of different levels resemble each other when we 
disregard the absolute values of temperature and the vari- 
able number of isotherms. The resemblance is clearly seen 
in the charts on p. 96* when we except the regions where 
water from the Mediterranean appears and makes the condi- 
tions so peculiar that the parallelism is blurred. We see, 
for instance, that the isotherm for 8° C. at 100 metres 
has very nearly the same course as the isotherm for 6° C. 
at 400 metres and for 5° C. at 600 metres. In the deeper 
strata comparatively few isotherms appear, and the really 
deep water is nearly homotherm in a horizontal direction 
over wide stretches. 

The conditions mentioned here are evidently of con- 
siderable significance for marine zoo-geography. /t may 
be assumed that the biological limits are nearly parallel 
at different levels above the deep water, though the com- 
munities of animal organisms may vary from one level 
to another. 

It has been observed that there is often a certain 
resemblance between the horizontal distribution of tempe- 
rature (and salinity) even at the surface of the sea and the 
topography of the sea-bottom. This is a consequence of 
the law of “parallel solenoids” just mentioned, in combi- 
nation with another general law discovered by W. Ekman. 
This law tells us that a gradient current which flows in 
a direction where the depth to the bottom decreases, turns 
cum sole (i. e. to the right in the northern hemisphere 
and to the left in the southern). The current turns in the 
opposite direction when the depth to the bottom increases. 
This holds good even if the depths are very great. The 
isotherms must, then, exhibit similar bends. This will 
explain, for instance, the characteristic features of the 
temperature charts in the vicinity of the Newfoundland 
Banks. The “Gulf Stream” coming from the south-west 
meets the slope S. of the Banks where the bottom-depth 
decreases, and makes a turn to the right. Then the cur- 
rent passes a locality with increasing depths, and turns to 
the left. Later on, it turns again to the right, and finally 
continues across the ocean. Our small-scale charts (p. 96*) 
are not supposed to show the variations in detail. In fact, 
these cannot be studied at present, except in a few places, 
because the observations from most regions are inadequate. 
We may, however, point out that the horizontal distribu- 
tion of temperature must exhibit great local variations in 
areas where the currents are fairly strong and the depth 
to the bottom of the sea varies. 7he unevenness of the 
sea-bed affects the distribution of temperature (and sali- 
nity etc.) upwards through the water to the surface. 

The charts on p. 96* are rather schematic, even for 
those parts of the eastern North Atlantic where relatively 


[REP. OF THE “MICHAEL SARS” NORTH 


80 BJORN HELLAND-HANSEN 


10 


aes 
<35%0 35:0-355 


Fig. 28. Temperature and salinity at 400 metres below the surface in the eastern North Atlantic 
{HELLAND-HANSEN and NANSEN, 1926, PI. 40). 
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Fig. 29. Temperature and salinity at 1000 metres below the surface in the eastern North Atlantic 
(HELLAND-HANSEN and NANSEN, 1926, Pl. 46). 
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WESTERN NORTH ATLANTIC 
ALONG 40°W. LONG. 


50N 4ON 30N 
Fig. 30. Temperatures at 100, 400, 600 and 1000 metres below the 
surface along 40° W. from 60° to 30° N. (the western North Atlantic). 
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numerous serial observations have been made. Since these 
charts were printed Professor NANSEN and I have con- 
structed some charts in greater detail. They are published 
in “The Eastern North Atlantic’, and two of them, for 400 
and 1000 metres, are reproduced here in Figs. 28 and 
29. We have made use of all the available modern obser- 
vations, and have taken them as they are, without trying 
to reduce them for possible temporal variations (cf. p. 59). 
The “Michael Sars” stations are marked thus: ®. Figs. 28 
and 29 show a number of differences from the correspond- 
ing charts on p. 96* as far as details are concerned. The 
new charts will certainly have to be corrected in many 
particulars when more observations have been made. There 
are still considerable areas where practically no stations 
have been worked and the question is whether the condi- 
tions here are complicated in much the same way as in 
the localities where the stations lie comparatively close 
together. 

It seems unnecessary to describe the temperature charts 
in more detail. There are only one or two facts of a general 
nature which seem worthy of special notice: 


20°C 
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EASTERN NORTH ATLANTIC 
18°W. LONG. 


ALONG 


30N 
Fig. 31. Temperatures at 100, 400, 600 and 10U0 metres below the 
surface along 18° W. from 60° to 30° N. (the eastern North Atlantic). 


The Great Atlantic Current forms, so to speak, a line 
of demarkation at all levels down to 1000 metres or more. 
We have only a limited number of observations from 
quite a large region S. of Greenland, but we have reason 
to believe that the whole of this part of the North Atlantic, 
on the northern and western side of the current, consti- 
tutes a cold area clearly distinct from a warm area on the 
southern and eastern side. When we cross this important 
current we pass from one ‘world’ to another as regards 
temperatures, and the transition is very abrupt — probably 
even more so than is shown in the charts on p. 96*. 

The conditions in the western part of the North 
Atlantic are illustrated quite schematically in Fig. 30, which 
shows the horizontal distribution of temperature along the 
meridian of 40° W. from 60° to 30°N. Within a belt of 
about 200 kilometres (or about 2 degrees of latitude) in 
width we have a transition in temperature which is remark- 
ably abrupt: at 100 metres below the surface about 10° C., 
at 400 m. 8°, at 600 m. 5° and at 1000 m. 2° That there is 
a division in a cold area to the north and a warm area 
in the central parts of the North Atlantic is, of course, 
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well known, but such a sudden transition as our charts and 
figures suggest has evidently not been perceived before. It 
must be admitted, however, that we posses no serial observ- 
ations along sections straight across the Great Atlantic 
Current, so it cannot be directly proved that the transitions 
are as sudden as stated here, but the “Michael Sars” observ- 
ations strongly support our view, which is further strength- 
ened by dynamical calculations. It is probable that the 
horizontal gradient of temperature is smaller at the surface 
than at some intermediate depths, and it is possible that 
the abruptness of the transilion has been exaggerated as 
far as the 100 metres level is concerned, but scarcely with 
regard to the deeper levels. 

The conditions in the eastern part of the North 
Atlantic are more complicated than in the western part 
as has repeatedly been mentioned. The Great Atlantic 
Current is split up in several branches. One of these goes 
northwards, so that the sea east of about 20° W. is warm 
even N. of 50° N., as compared with the sea further to 
the west. Fig. 31 illustrates the horizontal distribution of 
temperature along the meridian of 18° W., from 60° to 
30°N. The curves are smoothed. They do not show all 
the local variations represented in Figs. 28 and 29, but 
only the main features. The curves demonstrate clearly 
the following conditions between 60° and 30° N. In the 
northern region the temperatures are much higher in the 
eastern part of the North Atlantic than they are in the 
western part at all depths between the surface and 1000 
metres (the same holds good of greater depths too). In 
the southern regions (S. of about 48°N.) the conditions 
are reversed as far as the upper 500 metres are concerned, 
but from 600 metres downwards it is warmer in the eastern 
than in the western part of the sea. The latter phenomenon 
is accounted for by the influence of the Mediterranean 
upon the Atlantic. The same influence explains the fact 
that the difference in temperature between 400 and 1000 
metres is much smaller in the eastern areas than in the 
western (about 3° C. against 7°), and that the vertical 
gradient of temperature deeper down, when approaching 
the deep water, is much greater in the former areas than 
it is in the latter (cf. section 37). 


37. The Vertical Distribution of Temperature. 


The vertical variations of temperature are, on the 
whole, much greater than the horizontal. We have dis- 
cussed the variations in the deep water in section 35 and 
shall here deal only with the troposphere of the North 
Atlantic. In nearly all regions the maximum temperature 
is at the surface and the minimum in the deep water, so 
the total vertical variation of temperature within the tropo- 
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sphere is generally equal to the surface temperature minus 
3°. This total variation reaches its maximum in the tro- 
pics, corresponding on an average to about 1° C. per 100 
metres. It decreases with increasing latitude and may be 
subject to considerable seasonal variations. 

We shall only deal here with a few general consid- 
erations. In the following discussion we shall use the 
expression mean variation to denote the average vertical 
variation of temperature in 1/100° C. per metre (or whole 
degrees per 100 metres) between two levels {10° — ‘ When 


Z 


OH“ 


we reckon the positive depths downwards, the mean varia- 
tion is generally negative, as the temperature usually decrea- 
ses with increasing depths. 

In some regions the temperature may become nearly 
uniform from the surface down to several hundred metres 
at the end of the winter cooling. With perfect mixing the 
mean variation will become slightly positive on account 
of the adiabatic effect, which may be calculated by means 
of the tables in section 34, p. 67. At medium latitudes in the 
North Atlantic the adiabatic rise of temperature downwards 
will only amount to about 0-01°C. per 100 metres (the 
mean variation about 0-01) and may therefore be neglected. 

On the “Michael Sars” Expedition some stations were 
worked in April in the sea S. of Ireland. At Stats. 4, 7, 
8 and 9 the difference of temperature between the surface 
and 200 metres was from 0-30 to 0-35° C., and the mean 
variation, on an average, — 0-17. Between 200 and 400 
metres the mean variation only amounted to between — 0-03 
and — 0-08, the average being — 0-06. At 200 metres the 
temperature ranged from 10-25° to 10-65° C. at the stations 
in question, and at 400 metres from 10-10° to 10-52° C. 
It is very probable that the vertical convection in winter 
(March) in this region extended to such a depth that the 
temperature was uniform from the surface to 400 metres 
or more. Even if the seasonal variations are small below 
200 metres (cf. section 32), some propagation of heat from 
above may take place in early spring when the virtual 
coefficient of temperature conductivity is relatively great 
because the water-masses are almosi in a state of neutral 
equilibrium. Stat. 93 was worked in the same region on 
the 25th of July. At this station the difference of tempera- 
ture was 4-72°C. between the surface and 200 metres. At 
200 metres the temperature was 10-38° and at 400 metres 
10-24°C., the mean variation between these depths thus 
amounting to — 0-07. This variation and also the tempera- 
tures themselves were practically the same as at the stations 
in April. 

In our area “B”, off the Bay of Biscay (Fig. 11), so 
many stations have been worked that we may attempt a 
computation of the average differences of temperature from 
level to level at various seasons, and find the correspond- 
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Meari Nowde 0—25 m. pee 50—100 m. 100—200 m. 0—200 m. 
| eat obs. AT (var.) Ot (var.) At (var.) QT var.) AT (var.) 
| April 8... con... sae 6 0-20 (— 0-8) 0-12 (- 0-5) ~ 0-10 (— 0-2) 0-14 (- 0-1) 0-56 (— 0-3) 
[May 4 ote. stacks 5 1-38 (— 5-5) 0-36 (— 1-4) 0-27 (- 0-5) | 0-18 (- 0-2) 2:19 (— 1-1) 
laljareu8hs it seecechene 19 0-18 (— 0-7) 1-36 (-- 5.4) 0-87 (- 1-7) | 0-46 (— 0-5) 2-87 (- 1-1) 

JulyelS ae - peer. 8 0-61 (— 2-4) 3-42 (- 13-7) 1-20 (- 2-4) 0-50 (— 0-5) 5-73 (- 2-9) 


ing mean variations. In so doing we must use observa- 
tions from several years and neglect the changes from 
one year to another. The result of such a computation 
is given in the table above. The stations used are 
grouped about the middle of April, the middle of May, the 
first half of June and the middle of July (cf. Fig. 15). 
The mean dates are noted in the table, as well as the 
number of observations. The temperature at the upper 
level minus that at the lower has been computed for each 
station, the average of such differences being given in the 
columns headed Az. Numbers showing the mean varia- 
tions are printed in brackets. 

The vertical variation of temperature between the 
surface and 25 metres is very irregular. The observations 
in May were taken in 1911 and 1922; in the latter year 
especially they showed a considerably higher temperature 
at the surface than at 25 metres. Observations at 12 stations, 
between the 5th and 12th of June, 1911, showed, on the 
other hand, a lower temperature at the surface than at 
25 metres. Atter a gale the temperature difference between 
the two levels is generally very small even in summer. 

The difference of temperature and the mean varia- 
tions below 25 metres progress very regularly in space 
and time. The vertical variations of temperature have a 
maximum between 25 and 50 metres in spring and sum- 
mer. The above computations show a mean difference of 
0-14°C. per metre in the middle of July in area “B”. 
This difference is evidently still greater at the end of August. 

The conditions alter from region to region, but the 
chief characteristics of the upper water-layers, shown in 
the example from area “B”, are valid for most of the 
North Atlantic: there are small values for the mean varia- 
tion from the surface down to 20 or 25 metres even in 
summer; at a short distance below this depth there are 
values that increase numerically all the time during spring 
and summer and reach an absolute maximum (in the warm 
season they are higher than anywhere else along the verti- 
cal from surface to bottom); while below some 50 to 75 
metres the values decrease numerically downwards to a 
minimum which is met with at varying depths. 

The vertical convection in winter, resulting in uniform 
temperatures from the surface downwards, attains very dif- 
ferent depths in the different parts of the sea. We have 


in winter very few observations. On the “Challenger” 
Expedition serial observations were made in the latter 
half of February, 1873, at Stats. 4, 5, 8 an 10 across the 
deep eastern part of the North Atlantic in 25—23°N., and 
in the first half of March at Stats. 15, 17, 18 and 20 across 
the deep western part in 21—19° N. At all these stations 
observations were made at the surface, 100, 200, 300 fathoms 
and so forth. When interpolating for metres instead of 
fathoms we get the following averages of Ar (in °C.) 
and mean variation: 


0—200 m. | 200—400 m. 


AT (var.) AT (var.) 


9A (— 1:2) | 3-9 (— 19) 


3-4 (— 1-7) | 49 (— 24) 


“Challenger) 410 cemersevee cierto 
> 1520s Sear ascte cans 


The vertical variation of temperature between the 
surface and 200 metres is much greater here than was 
shown above for the area “B” in April (when the heating 
of the surface had commenced) and even greater than in 
May. At the first 4 “Challenger” stations mentioned 
observations were not made between the surface and 100 
fathoms except at Stat. 10, where the following tempera- 
tures were observed: 


depth: 0 10 20 30 40 50 60 70 80 90 
TC: 21-7 22-1 22-1 22-1 22-0 21-9 21-8 21-4 20-7 20-1 


100 fathoms 
19-4° C, 

Even if the surface is further cooled during several 
weeks, it is not likely that the winter convection will go 
deeper than 70—80 fathoms or about 150 metres. There 
are no determinations of salinity so the stability cannot 
be examined. 

At Stat. 18 in the western part of the North Atlantic 
the temperature was observed at 50 fathoms, being here 
23:0° C. while it was 23-3°C. at the surface and 21-0° at 
100 fathoms. At this stations the vertical convection in 
winter would scarcely extend to as much as 100 metres 
below the surface. 

In the North Atlantic near the equator the annual 
range of temperature has a minimum (Fig. 9). In a region 
where the mean range is less than 2°C. and, in part, less 
than 1°, observations were made in the middle of July 
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1911 during the “Deutschland” Expedition [BRENNECKE, 
1921]. The temperatures observed in the upper 400 metres 
are recorded in the following table, which gives also the 
mean variations (in brackets). 


Stat. 53 BSee tl este. 60 61 


Lat. N. a 30 7718") 65457 |> “a? 8% |) 2° 407 
Long. W SSPiGe a6 1° S8S/25" |, IBS al) 28% 77 
Oat fants 26-86 | 27-22 | 27-16 | 2683 | 25:72 
| (- 30) |(- 08) | 01) 
YDS ca ees se 26-47 | 2695 | 26-80 Zs 
- 76) |(- 48) | 00 ) | 
aes Bere 26-67 | 2457 | 2575 | 26:80 | 25-74 
Cee Ji Cle 2) (Geo) |(GH05)) 1G 0%) 
TD sha sews 25:81 | 20-47 | 23-47 | 2668 | 25-56 
(- 29-0 ) | (-19-5 ) | (-121 ) | (-32-0 ) | (- 128 ) 
FOU) cto scam 18-57 | 1559 | 20-45 | 1867 | 22.37 
(-11-8 ) | (- 65) | (-160) |(- 9.0) |(-148 ) 
(2h Uisterennas 12-65 | 1232 | 1246 | 1419 | 14.98 
ae ee) S00 NE 3 E84) E129") 
D0: esate 10-71 | 1055 | 10-21 | 1250 | 13-53 
G15) )}G 12))C 10) |G 15)/¢ 24) 
AOD Yor aa oes 7-70 8-15 8-20 9-44 8-72 | 


It is probable that the effective vertical convection in 
these low latitudes does not go deeper than 80 —90 metres 
and in places not even as deep as this. The highest 
numerical values of the mean variation are found here 
at a greater depth than farther north. 

In coastal waters and in areas where Arctic water 
covers the Atlantic water, the vertical variations of salinity, 
and consequently the stability, may be so great that the 
winter convection is limited to a relatively thin layer. In 
such areas the vertical variations of temperature may be 
very great in summer. Our stations on the Newfoundland 
Bank show that the vertical variations of salinity are small 
in the surface layer down to 10—25 metres, and very great 
below this layer. We find the following mean variations 
of temperature at the “Michael Sars’ stations at the New- 
foundland Bank and the Flemish Cap: 


Sao ne Onmbre eta. |) Tee 76 '| 7% |} 79 
| 
O— 10m.|- 7-0|- 2.7|- 1.2|- 28)- 25|- 65|- 7.2|-13-5 
10— 25 ,|-16-0|-10-2|- 1.2|- 5-8)- 4.2|- 7.7|- 2.7|- 97 
25— 50 , | — 20-2|- 18-3 | - 32-9 | — 27-8 | - 23-8 | - 17-0 | - 19-1 | - 14-2 
50— 75 ,|+ 8:2|+ 4-1} 00} — |- 80)+ 2.2/- 03/- 04 
75-100), |+3:0|+ 08) — | — |+ 0-8) +2:9)- 1.5)- 0-4 
100—150 , |} + 1-2)+ 07) — | — |+09)+ 21)+ 24/- 05 
150—200 ,/+ 0:8) — | — | — | — [+14] — jt 


At all these stations there is a maximum vertical 
variation of temperature between 25 and 50 metres, 


with an inversion of temperature somewhere below 50 
metres. 

The vertical gradient of temperature is, of course, 
greater at some levels and may be much greater than 
the mean variation. For instance, at Stat. 72, 30 metres 


OT. 
10°, is about — 100. 


At Stats. 73—76 incl. the minimum temperature is 
negative; the lowest value found is — 1-65°C. (at Stat. 
74, 75 metres). The low temperatures are not a sure 
indication of the effect of the winter cooling at the sur- 
face in this region, but may quite as well be ascribed to 
horizontal movements of the water layers (the Labrador 
Current). The water masses between 25 metres and the 
level of minimum temperature are far from being homo- 
haline and do not show any sign of such mixing as the 
convection in winter should create. — 

The author has calculated the difference of tempera- 
ture between 200 and 400, 400 and 600 metres and so 
forth for intervals of 200 metres down to 1200 metres, for 
all stations available from the North Atlantic. The results 
may be summarized in the following way (numbers in 
brackets indicating the mean variation according to the 
definition given above): 

The vertical variations of temperature are relatively 
small at all depths below 200 metres in the Arctic or Sub- 
arctic water in the northwestern area, S. of Greenland. 
In the Great Atlantic Current (“The Gulf Stream’’) the 
vertical variations may be very great. Apart from these 
regions we find, for depths between 200 and 400 metres: 
minima of temperature variation (0 to —O-5) in the sea 
off the Bay of Biscay and the British Isles, and in the ocean 
E., N. and W. of Bermuda; maxima (— 2 to — 3) near the 
equator, in the ocean N. and E. of the Antilles and also 
in some isolated areas S. of 25° N. For 400 to 600 
metres we have: a minimum (0 to — 0-5) in the eastern 
North Atlantic off north-western Morocco and northwards; 
a maximum (about — 2) N. and E. of the Antilles. For 
600 to 800 metres we have: a minimum from Morocco 
and Madeira northwards, sometimes with an inversion of 
temperature (the mean variation positive, maximum about 
+ 0-2) due to water from the Mediterranean; another 
minimum is found near the equator; and a maximum 
(about — 2) in the sea around Bermuda. For 800 to 1000 
metres we have: a minimum in the eastern North Atlantic 
N. of Morocco and Madeira (sometimes with inversion) 
and in the sea S. of 18°N.; a maximum (about — 2) W. 
of Bermuda. For /000 to 1200 metres we have: a mini- 
mum in the tropics (0 to — 0-5) and in the easternmost 
part of the ocean as far north as about 43° N. (+ 0:3 to 
— 0-5); and a maximum (— 1 to — 1-5) near Bermuda. 
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Below 1200 metres the vertical gradient of tempera- 
ture decreases with depth towards the stratosphere and is 
usually small except in those areas in the eastern part of 
the ocean where water from the Mediterranean exerts a 


VII. THE SALINITIES IN 


38. Horizontal and Vertical Distribution of 


Salinity. 


The curves for the stations and the sections in Part 
II clearly demonstrate a correspondence between tempe- 
rature and salinity as regards their vertical and horizontal 
distribution. 

With the scales used for the construction of the 
station-curves on pp. 65*—72*, the curves representing 
the vertical distribution of temperature and salinity in the 
open sea at a sufficient distance from the coasts, are of 
nearly the same shape, at any rate when the upper part 
is not considered. As most of the stations are worked 
when the heating at the surface is well advanced, the 
difference is considerable in the surface layers, and this 
difference becomes more pronounced the later in the warm 
season the observations are made. In the upper strata 
the vertical variations in temperature in summer are great 
as compared with the variations in salinity. From, say, 
50 or 100 metres downwards for several hundred metres 
the two curves usually run almost parallel to each other 
in nearly all the regions investigated during the “Michael 
Sars” Expedition. In the western North Atlantic the ver- 
tical gradient of salinity becomes numerically smaller, in 
relation to the vertical gradient of temperature, the deeper 
one goes. In our arrangement of the curves in the graphs 
this appears in their convergence (see, for instance, the 
curves for Stats. 65 and 68). It corresponds to the 
concave shape of the curve on p. 74* illustrating the 
normal correlation of the two elements, in which a certain 
variation of salinity corresponds to a greater variation of 
temperature when the temperatures are low than when 
they are high. 

In those regions of the eastern North Atlantic which 
were investigated by the “Michael Sars” Expedition, water 
from the Mediterranean exerted a very varying influence. 
The appearance of this water creates an increase of sali- 
nity and a rise of temperature at intermediate depths, or 
makes the vertical gradients of salinity and temperature 
smaller on the upper side of the layers in question (and 
greater on the under side) than they would otherwise have 
been. Where the Mediterranean water is especially prom- 


[REP. OF THE “MICHAEL SARS” NORTH 


considerable influence. The difference is easily seen by 
comparing, for instance, the curves for Stats. 17 and 25 B 
(pp. 65* and 66*) with the curves for Stats. 63, 65 and 
66 (pp. 69* and 70%). 


THE NORTH ATLANTIC. 


inent — in the region outside the Straits of Gibraltar — 
the curves are of quite a different shape from those, say, 
for the western part of the North Atlantic. The condi- 
tions are clearly demonstrated by the curves for Stats. 
iifee2s ande25 B: 

Disregarding the irregularities caused by water from 
the Mediterranean, we may state that the salinity decreases 
from the surface (or a little below it) to the great depths 
practically everywhere in the Atlantic N. of the tropics 
except in areas influenced by coastal water or Arctic water. 

Water from the South Atlantic with relatively low 
salinities advances northwards at intermediate depths as 
far as the northern tropic, with its core at 800—1000 
metres below the surface. This is pointed out more 
especially by Merz and Wwust. The conditions are clearly 
demonstrated by two sections constructed by Wust [1928] 
and reproduced here in Figs. 32 and 33. The sections 
follow a curved irregular course, mostly along the deepest 
(central) parts of the western (Fig. 32) and the eastern 
(Fig. 33) North Atlantic. The effect of water from the 
Mediterranean is also distinctly seen in Fig. 33 (maximum 
at about 1000 metres between 30° and 40° N.). 

In areas where the Atlantic water is covered by diluted 
water near the coasts or by Arctic water with its compa- 
ratively low salinities, the salinity naturally increases from 
the surface downwards until a maximum is found in the 
upper part of the Atlantic water. Where Atlantic and 
Arctic currents meet the conditions may, however, be 
rather complicated, with different kinds of water in suc- 
cession vertically, as is demonstrated, for instance, by the 
curves for our Stats. 66, 80 and 82 and to the right in 
Fig. 32. 

Variations in the temperature of a definite mass of 
water not mixed with other water, chiefly originate some- 
where at the surface. Some heating is, however, also 
caused by absorption of heat radiation penetrating through 
the surface. Changes in salinity start exclusively at the 
very surface (evaporation, addition of fresh water) and 
the mean salinity cannot be altered except by phenomena 
occurring there. Variations of salinity within the water 
even close below the surface can only be induced by 
mixing processes. The molecular diffusion, like the mole- 
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cular conduction of heat, is negligible. But the turbulence 
has an effect upon the variations of salinity similar to 
that which it has upon the variations of temperature, and 
just as we speak of a virtual conductivity of temperature 
we may speak of a virtual diffusion of salt, which is 
generally very much greater than the molecular diffusion. 
Such variations of salinity (S) with time (¢) that are 
solely due to the diffusivity in vertical direction may be 
expressed by an equation analogous to that available for 
temperature (p. 44): 


OS Us 


jae 


where » is a “virtual coefficient of diffusion” which has 
precisely the same value as the virtual coefficient of temp- 
erature conductivity. 

The evaporation and dilution of the surface waters 
are evidently subject to seasonal and annual variations 
due to climatic changes. We shall not, however, try to 
examine such variations here, but confine ourselves to a 
short survey of the average conditions. 

Fig. 34 illustrates the average distribution of salinity 
at the surface of the Atlantic, according to Professor G. 
ScHoTr [1926]. The chart is rather schematic and does 
not show the many local differences to be found in places 
where strong currents or eddies occur. 

In the region of the N.E. trade wind an excess 
evaporation. takes place. The salinity increases all the 
way in the surface current from Portugal past Madeira 
and the Canary Islands, with the result that a maximum 
of salinity appears in the southern part of the Azoric 
high-pressure region. Within quite a large area W. and 
SW. of the Canaries the salinity at the surface exceeds 
37 °/oo, the absolute maximum being a little above 37-5 °/oo. 
The salinities decrease S. of this area to a minimum with 
salinities below 35°/oo, appeating in a belt across the 
ocean in about 5° N. This belt almost corresponds to 
the region of maximum temperature at the surface (average 
for the year). Hence it follows that the positive corre- 
lation between temperature and salinity which usually 
appears in the ocean, does not exist in the case of the 
surface waters, between about 25° and 5° N. where, in 
fact, it is changed into a negative correlation. 

The isotherms representing the mean annual tempe- 
rature at the surface of the North Atlantic lie compara- 
tively close together on the coast of the United States 
of America, where the isotherms for temperatures between 
25° and 10° C, are crowded between 30° and 40°N. 
They spread, fan-like, over the sea. At 20° W. we find 
the isotherm for 25°C. at about 12°N., and that for 
10°C. at about 58°N., a difference.in latitude of 46°, 
as against 10° on the American coast. The isotherms do 


not form closed curves as some of the isohalines do. A 
comparison of the isotherms in question and the isohalines 
shows an agreement in some regions, while in others the 
two sets of lines run obliquely towards each other or even 
straight across each other. 

In the northern regions except S. of Greenland the 
agreement is quite good: 35-5°/oo corresponds to 13° C, 
36°00 to 161/2”, 36-5°/o00 to about 20°. There is no agree- 
ment between the 35-0-isohaline and the isotherms. The 
curve on p. 74* gives the following interdependence: 
35-5°/oo and 11° C., 36°/oo and 15-20°, 36-5°/oo and 18 1/4°, 
or lower temperatures in relation to the salinities than 
are given by the chart for the mean annual temperature, 
the difference being about 11/2—2° for the regions in 
question. This difference is easily explained by the fact 
that our correlation curve (Fig. p. 74*) is based upon 
observations from the deeper strata, which chiefly represent 
a winter situation, so to say (cf. p. 52). In his “Geo- 
graphie des Atlantischen Ozeans” ScuHotr has published 
charts of the mean surface temperatures in February, May, 
August and November. If we compare the isohalines 
(Fig. 34) with the isotherms in ScHotT’s chart for May 
in the same regions as above we find a good agreement 
with the data found from the correlation curve. The tem- 
perature chart for February shows lower values in relation 
to the salinities. Our curve of correlation (p. 74*) is based 


_upon observations from the western as weil as the eastern 


North Atlantic. It will be seen from the details shown 
in the figure on p. 75* that the observations from the 
western part tend to give a higher temperature at a cer- 
tain salinity than the observations from the eastern part. 
This may be explained by assuming that the waters of 
the Great Atlantic Current are cooled on their way east- 
wards, while the salinity is not changed to the same extent. 
The observations made during the “Armauer Hansen” 
expeditions in the eastern North Atlantic only, have been 
used for the construction of a curve similar to that repro- 
duced on p. 74* [HELLAND-HANSEN and NANSEN, 1926]. 
This curve gives a lower temperature at a certain salinity 
than the curve based upon the “Michael Sars” observations. 
Using the curve for the “Armauer Hansen’’ observations 
we find, that 35-0°/oo corresponds to 5° C., 35-5°/oo to 11°, 
36-0°/oo to 14-3°, and 36-5°/oo to 16-8°. Scortrt’s tempe- 
rature chart for the surface in February compared with 
the salinity chart (Fig. 34) shows that 35-5°/oo corresponds 
to about 10°C., but otherwise the correspondence with 
the ‘normal’ conditions in the water-masses of the eastern 
North Atlantic is as close as can be expected. There is 
even a correspondence between the isohalines for 35-0°/o0 
and the isotherm for 5° C. in the sea near Iceland. This 
seems to agree well with our conception of the general 
circulation between low and high latitudes: the surface 
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Fig. 34. The average distribution of salinity at the surface of the Atlar 
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5. The distribution of salinity-anomalies at 400 metres below the surface in the eastern North Atlantic. 
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waters streaming from lower latitudes return as an under- 
flow after having been cooled at higher latitudes, preferably 
in the cold season. 

A difference of 1°C. in the North Atlantic corre- 
sponds, on an average, to a difference of 0-06°/o0 at 5°, 
0-10°/oo at 10° and 0-14°%/o0 at 15°C. A variation in 
temperature from 10° to 15° C. corresponds to a variation 
in salinity of from 35-40 to 35-97°/oo, or a difference of 
less than 0-6°/o. From the standpoint of biology the 
differences of temperature are evidently much more im- 
portant than the differences of salinity in the open ocean 
where diluted coastal (or Polar) water does not occur. 
The vertical variations in salinity are generally quite small. 
In the central parts of the North Atlantic, where the salinity 
at the surface may be as high as 37°/oo while it is 35°/oo 
at about 2000 metres, the mean vertical variation per 100 
metres is only — 0-1°/oo. A variation of — 0-5°/oo per 100 
metres would be extraordinary. In coastal and Arctic waters 
with increasing salinities downwards, the variations may 
be very considerable, as is well known. At Stat. 70A, 
for instance, the difference in. salinity between 37 and 
46 metres was as much as 0-54°/oo. 

On account of the agreement between temperatures 
and salinities and the law of parallel solenoids, some of 
the chief results mentioned in section 36 may be directly 
transferred and applied to the horizontal distribution of 
salinity. In particular it may be emphasized that great 
horizontal variations of salinity usually indicate a strong 
current (or great vertical differences of current velocity), 
and that salinity charts for different levels resemble each 
other when only the course of the isohalines is considered, 
and not the absolute values of salinity represented by 
them. The temperature charts on p. 96* may be almost 
directly ‘translated’ into salinity charts. Figs. 28 and 29 
show the horizontal distribution of both temperature and 
salinity at 400 and 1000 metres’ depth below the surface 
in the eastern North Atlantic, where the comparatively 
large number of observations have made it possible to 
give many details. 


39. The Distribution of Salinity-Anomalies. 


In the preceding sections we have repeatedly men- 
tioned the agreement between salinities and temperatures. 
A deviation from the average conditions as regards the 
correlation between these two elements indicates that the 
water has either an abnormal temperature in relation to 
the salinity or an abnormal salinity in relation to the 
temperature. In section 32 we have started from the 
salinity as an independent variable quantity and used the 
anomalies of temperature for examining the seasonal va- 


riations of temperature in the upper water-strata. We shall 
now briefly examine the salinity-anomalies, starting from 
the temperature as an independent variable (section 18). 
This may preferably be done in the case of depths below 
200 metres where the seasonal variations of temperature 
are comparatively small. It is self-evident that a negative 
anomaly of temperature corresponds to a positive anomaly 
of salinity, and vice versa. 

On p. 97* we reproduce some schematic charts illu- 
strating the distribution of salinity-anomalies at 100, 400, 
1000 and 2000 metres below the surface in the North 
Atlantic Ocean. The chart for /00 metres cannot give 
a true picture of the distribution, because the seasonal 
variations of temperature are considerable at this depth. 
In spite of the uncertainty it seems, however, to be an 
established fact that the salinities at 100 metres are rela- 
tively high as compared with the temperatures in the 
north-east trade region, and relatively low in the north- 
western part of the Atlantic. The high positive salinity- 
anomalies in the former region should probably be attri- 
buted to cooling, caused by the northerly winds prevailing 
there. The low salinity-anomalies in the north-western 
part of the ocean at 100 metres’ depth show the influence 
of Arctic (or Polar) water of low salinities. The curves 
representing the distribution of salinity-anomalies at 100 
metres in the region S. and E. of New Foundland show 
almost the same shape as the isotherms reproduced in 
the charts on p. 96*. The curves lie very close together 
in a belt corresponding to the site of the Great Atlantic 
Current. If we have ‘Gulf Stream’ water with a salinity 
of 36-3°/oo and a temperature of 17° C. mixed with equal 
quantities of Polar water with a salinity of 33°/oo and a 
temperature of — 1°, we obtain water of 34-65°/oo and 
8° C. At the latter temperature the salinity should nor- 
mally be about 35-2°/oo in the North Atlantic, according 
to our curve on p. 74*. Hence the salinity-anomaly of 
the mixed water should be about — 55. If more Polar 
water is mixed with the Atlantic water, the negative ano- 
malies of salinity become greater. A mixture of one part 
of Atlantic water with two parts of Polar water, both 
constituents having the salinities and temperatures men- 
tioned above, would give a salinity-anomaly of about 
— 90. The chart for 100 metres on p. 97* seems to 
show that the negative values of the salinity-anomalies 
are greatest just in the regions where the Polar water 
comes nearest to the Great Atlantic Current. 

The chart for 400 metres on p. 97* shows very small 
variations in the horizontal distribution of salinity-ano- 
malies in spite of the fact that the horizontal variations 
of temperature are very great (ci. the chart on p. 96%). 

At 1000 metres very high positive values of salinity- 
anomalies appear from Southern Europe and north-western 
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Morocco westwards towards the Sargasso Sea and north- 
wards towards the Bay of Biscay and still farther north. 
This is due to the propagation of water from the Medi- 
lerranean. The salinity-anomalies reach a maximum off 
Southern Portugal, which indicates that the water from 
the Mediterranean at this depth chiefly moves along the 
south-western coast of Spain and Portugal, probably as 
an effect of the rotation of the earth. The high values 
of the salinity-anomalies in these regions are not due to 
variations in the vertical distribution of the water-masses, as 
a similar distribution is also found at 800 and 1200 metres. 
At 2000 metres we also find comparatively high po- 
sitive values of salinity-anomalies in a region extending 
from Southern Spain and Portugal to the west and north. 
Relatively salt water appears at this depth off Southern 
Europe and in the Bay of Biscay, and in the sea around 
Madeira and south and south-west of the Azores. 


VIIL. 


40. Calculation of the Stability. 


We have mentioned above (section 34) that a perfect 
mixture of water-masses creates a uniform salinity while 
the temperature rises slightly downwards owing to the 
adiabatic effect. In these circumstances we have a state 
of neutral equilibrium and the stability is — 0. The 
potential density is then the same everywhere. In by far 
most cases the water-masses are not thoroughly mixed, 
the salinity showing vertical variations and the temperature 
a vertical gradient different from the adiabatic, with the 
potential densities increasing downwards. The greater the 
increase of the potential densities in vertical direction, 
the greater is the stability. In hydrographical tables the 
values of o; are, as a rule, published, and we may obtain 
an approximate value of the stability simply by comput- 
ing the vertical variation per metre of o, In so doing 
we neglect the adiabatic influence. In the deep water, 
for instance, we may find a decrease of o; downwards 
and, seemingly, a state of instability, while neutral equili- 
brium or even a state of positive stability is found when 
the adiabatic variations of temperature are taken into 
account. In such cases a more exact calculation of the 
stability is needed. 

HEssELBERG and Sverprup [1915] have published tables 
for the computation of the stability, E. They have ex- 
pressed the stability in the following way: 


o—o" 


LZ 


E = 


The small-scale charts on p. 97* are rather schematic. 
Figs. 35 and 36 show the distribution of salinity-anomalies 
in more detail at 400 and 1000 metres in the eastern 
part of the North Atlantic. These charts correspond to 
the charts of temperature and salinity reproduced in Figs. 
28 and 29, 

Some sections are reproduced on pp. 87*, 89* and 
93*, illustrating the vertical distribution of salinity-ano- 
malies. A comparison of these sections with the cor- 
responding sections showing the distribution of tempe- 
rature and salinity gives an impression of the advantages 
afforded by the method of salinity-anomalies. By this 
method the admixture with the Atlantic water of Medi- 
terranean water on the one hand, and of Polar water on 
the other, seems to come out more clearly than by the 
usual study of the distribution of isotherms and isohalines 
alone. 


STABILITY. 


where 9 means the density of the water at the depth z 
and o’ the density of a water particle which has been 
moved to the same depth from a depth z + A z, In 
a series of tables HESsELBERG and SveRDRUP have given 
values for the effects of variations in salinity, temperature 
and depth upon the stability, so the final value of E can 
be found by addition. The observations from the “Mi- 
chael Sars” Expedition have been manipulated by means 
of these tables, and the results are given in the 5th column 
of Table III in Part II. In a later publication [1929] HeEs- 
SELBERG has shown that the values found in this way are 
not quite exact, but the errors are of no consequence 
in the present connection. 

As mentioned on p. 21, 108 E — 1000 corresponds 
nearly to a vertical variation of 0-01 of o per metre. 


41. Horizontal and Vertical Variations of 
Stability. 


The stability varies inthe upper water-strata in the 
course of the year on account of variations in heating 
and cooling. The cooling at the surface in winter tends 
to create a state of instability, and sometimes the water 
at the very surface may be a little heavier than the water 
below until the vertical convection brings about a thorough 
mixing. Such instability may also be observed as the 
result of cooling during the night or an increase of the 
surface salinity on account of evaporation. Examples of 
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negative values of E are found at Stats. 4, 16, 25 B, 26, 
30, 35, 50, 53, 69 and 92, where the instability is due 
to an increase of the salinity at the surface. At Stats. 
6, 29, 31 and 83 the negative values of E between the 
surface and 10 metres are due to a comparatively low 
temperature at the surface. At Stats. 34, 44 and 46 the 
temperature is lower and the salinity higher at the sur- 
face than at 10 metres. Some of the stations where the 
temperature at the surface is lower than at 10 metres were 
worked during the night, while in some cases when the 
stations were worked in the day-time the temperature of 
the air was relatively low, which probably indicated cooling 
of the surface water. Negative values of E are only rarely 
met with at greater depths than 25 metres below the sur- 
face. Nowhere at these depths is the negative value of 
E greater than may be accounted for by errors of observ- 
ations, especially as regards the salinity. In each of 
these cases an error of 0-01°/oo in the determination of 
salinity may explain why the value of E has been re- 
corded as negative. 

We can obtain a clear picture of the seasonal vari- 
ations of stability in the upper water-layers by comparing 
the stations in the eastern part of the North Atlantic off 
the Bay of Biscay worked in April (for instance Stats. 
4—9), with those worked in July (Stats. 90—93). In the 
open ocean the stability is practically always low in the 
upper 10 metres on account of the mixing caused by 
wind. At greater depths, and especially between 25 and 
50 metres, the stability is very high in summer, indicating 
a quasi-discontinuity. The upper boundary of the discon- 
tinuity-layer may be regarded as the lower boundary for 
the effective mixing by wave-motion. 

There is an intimate correspondence between the 
vertical variations of stability and the value of the virtual 
coefficient of temperature conductivity and diffusion. Low 
_values of & mean comparatively high values of » and 
vice versa. 


As has been mentioned before, the vertical variations 
of salinity have generally less effect upon density than 
the vertical variations of temperature. The vertical and 
horizontal variations of stability, therefore, show a marked 
coincidence with the variations of temperature, and the 
stability exhibits seasonal variations parallel to those of 
temperature. In our examination of the distribution of 
stability, therefore, we must consider the season when 
the observations are made, when dealing with, say, the 
upper 200 metres. 

The horizontal variations of stability are intimately 
connected with the local variations of the currents, as they 
are with the distribution of temperature. On account of 
the local variations in velocity and vertical extension of 
the currents the horizontal distribution of stability is rather 
irregular, as will be seen from the charts on p. 98*. 

The chart for 75—/00 metres shows great variations. 
These are largely due to seasonal variations, a fact espe- 
cially apparent in the area south of Ireland. Some high 
values of the stability in the vicinity of the Straits of 
Gibraltar are due to the transition from the relatively light 
Atlantic water above to the heavy water from the Mediter- 
ranean below. The very pronounced stability at some 
places in the western part of the North Atlantic is con- 
nected with the appearance of the Great Atlantic Current 
or the great vertical variations below the arctic water 
near New Foundland. 

Between 150 and 200 and between 300 and 400 metres 
the stability is as a rule considerably less than between 
75 and 100 metres. Between 500 and 600 metres and 
between 700 and 800 metres the stability becomes, to 
some extent, greater again, because the lower limits of 
the great currents are, in many places, met with at 
these depths. At 900 and 1000 metres and deeper down 
the values of the stability are as a rule comparatively 
low, decreasing with the depth until the stability ap- 
proaches nought in the deep water. 


IX. DYNAMICS OF THE SEA. 


42. Theoretical Considerations. 


It is a well-known fact that the tangential stress of 
the wind along the sea surface causes a displacement of 
the surface water, and that a prevailing wind of appre- 
ciable strength may give rise to ocean currents of even 
great extension. It is also an established fact that diffe- 
rences in the horizontal distribution of temperature and 
salinity in the sea cause a disturbance of the hydrostatic 


equilibrium and provoke convection currents. The actual 
ocean currents are the combined effect of wind and dif- 
ferences of density. We shall not here discuss the spe- 
cial kinds of currents caused by the tides. 

In a series of important papers Professor WALFRID 
Exman has discussed the problem of the wind currents. 
The chief results of his investigations are that the wind 
in open sea will create a current at the surface which is 
deflected about 45° cum sole from the direction of the 
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wind. Owing to the friction the water-masses below the 
surface are also moved but with decreasing velocities and 
more and more cum sole as one goes downwards from 
the surface. Ata depth called the depth of frictional in- 
fluence the direction of the pure wind-current is exactly 
contrary to the direction of the current at the surface, 
but at this depth the velocity is reduced to a small frac- 
tion only — say 4 °/o — of the surface velocity. The 
average flow of the water in a pure wind-current goes 
at a right angle cum sole from the direction of the wind. 
The surface layers will thus be driven to the right of 
the wind in the northern and to the left in the southern 
hemisphere. A sloping of the surface is thus established. 
In homogenous water the pressure will increase at all 
levels from the surface to the bottom in the regions where 
an accumulation takes place. The excess pressure creates 
a gradient current extending from the surface nearly to 
the bottom. After a short while the gradient current will 
move more or less in the direction of the wind. In the stra- 
tified water of the ocean, the surface layers will be pressed 
down on the right hand side of the wind in the northern 
hemisphere, so the isopycnal, isothermal and isohaline 
surfaces will assume a slanting direction, deepest to the 
tight and highest to the left (and vice versa in the south- 
ern hemisphere). In this case an interior field of force 
is established in the sea. Such a field of force in stratified 
water will be called a solenoidal field, in accordance 
with the terminology of Professor V. BJERKNES. 

Even if there were no winds a system of ocean cur- 
rents would be created on account of regional differences 
of density. As an example it will suffice to mention the 
differences of density between low arid high latitudes. In 
low latitudes the water is heated so much that it becomes 
lighter than the water in higher latitudes even if the salinity 
is increased by evaporation. The light water has a tendency 
to spread over the heavier water. When the water-masses 
move, the rotation of the earth acts in such a way that the 
motion does not go in the direction of the force but at 
right angles to it, to the right in the northern and to 
the left in the southern hemisphere (cum sole).') 

The actual solenoidal field may be the composite 
result of solenoidal fields created indirectly by the wind 
and more directly by thermal influences, evaporation etc. 

The ‘Coriolean force’ with which the rotation of the 
earth acts upon unit mass (‘the accelerating force’) is 
expressed by the well-known equation: 


Feat 2 sans Us SUI2 Yep (a) 


1) The conditions in the sea are analogous to those in the at- 
mosphere, where the wind does not blow in the direction of the 
pressure gradient but nearly along the isobars. 


where w is the angular velocity of the earth (0-0000729), 
v the velocity of the mass particle and » the geographic 
latitude. Under stationary conditions this force is di- 
rected contrary to the resultant of the real physical 
(moving) forces and has the same value. The movement 
takes place at a right angle cum sole from the physical 
forces and contra solem from the Coriolean force. 

Apart from the wind stress at the surface, the phy- 
sical forces in the ocean are those of gravity, pressure 
and friction. The acceleration of gravity, g, varies slightly 
with the latitude and with the depth below the surface, 
g increasing with latitude as well as with depth, apart 
from some insignificant local irregularities. The free sur- 
face of a liquid which is motionless relatively to the earth, 
is perpendicular to the direction of gravity (the plumb-line) 
and forms a level surface. No work will be required to 
move a weight along such a surface if gravity is the only 
acting force. In other words, a level surface is a surface 
of constant gravity potential (an equipotential surface). 
If, as an effect of atmospheric conditions or for other 
reasons, the sea surface is inclined at an angle y from 
the level surface, the gravitational force will have a com- 
ponent along the sea surface, this component being g. siny 
per mass unit. The angle will always be so small that 
we can simply write gy. Any number of equipotential 
surfaces may be constructed, each of them characterized 
by being perpendicular to the plumb-line. When a mass 
m is lowered from such a surface to the next one, the 
gravitational force performs a work, w, which is equal to 
m.g.h, h being the vertical distance between the two sur- 
faces. One may represent the gravitational field by con- 
structing a series of surfaces at a distance from one another 
which corresponds to unit increase of gravitational work 
per mass unit (g.4 — 1). The distance between two 


] 


such level surfaces will then beh ——. As g is nearly 
5 


10, the distance between two succeeding Jevel surfaces 
will be about 0-1 metre in the metre-ton-second system 
of units. This distance has been called by V. BJERKNES 
a dynamic decimetre, and a distance ten times as great 
a dynamic metre. Since g varies with latitude and depth, 
the dynamic metre is not a constant length like the or- 
dinary metre. At sea-level the dynamic metre is 1-02246 
ordinary metres at the equator and 1-01716 metres at the 
pole. The length of the dynamic metre decreases slightly 
with the depth below sea-level because g increases down- 
wards in the ocean. A dynamic metre will always, how- 


ever, be nearly 102 cm. Inversely we have 1 metre = 
ae about 0:98 dyn. m. The dynamic metres are 


always used to measure vertical distances only. If  D 
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is the distance in dyn.metres between two points in the 
sea and / the vertical distance in metres we have 


A Diese 

10. 

where g is an average value of g in the space between 
the two points. 

If we have two points A and B (Fig. 37), with a 

vertical difference of A metres (or A D dynamic metres) 

and a distance / metres between them, and the angle 


> 


Fig. 37. The gravitational force. 


between the line A B and the level surfaces D and D +- 
4 D through A and B is y, the gravitational work done 
in moving a unit mass from A to B is: 

h 


W=lgsiny=le "= gh=10AD. 


The acting force per unit mass in the direction 


from A to B is 


W.  10)A LD 
ee, 565 fl te 
The hydrostatic pressure, p, is generally defined as 
a force per unit area, 7. e. per Square metre in the m.t.s. 
system. It has become customary in oceanography to 
neglect the atmospheric pressure when dealing with the 
pressure within the sea. The pressure at a depth of h 
metres is then simply equal to the weight of the vertical 
water column from the surface to # metres, covering a 
horizontal area of 1 square metre. If the average den- 
sity (compression included) is 9, the average weight per 
cubic metre is 9. g, and the pressure 


p=. 2.h=o.10D mt: s. units, 
D being the depth in dynamic metres. When we intro- 
duce specific volume («) instead of density we get: 


D=— ap. 


A pressure of 10° dyne/cm? has been called a bar, 
which almost corresponds to an atmosphere. The m.t.s. 


unit of pressure is 1/100 bar, or a centibar. V. BJERK- 
NES has introduced the decibar = 1/10 bar as a tech- 
nical unit of sea pressure. This corresponds to the pres- 
sure exerted by a water column which is nearly 1 metre 
high. The relation between dynamic depth and pressure 
is expressed by one of the equations 


‘= 9. D decibars 


D = «.p’ dynamic metres 


When we know the vertical distribution of density 
or specific volume in the sea, we can easily find the 
pressure at a given dynamic depth or the dynamic depth 
corresponding to a given pressure. The compression of 
the water must be considered in the calculations. 

On account of variations in density the isobaric sur- 
faces will not, as a rule, be parallel to the level surfaces, 
but intersect them. In a level surface there will usually 
be variations of pressure, and in an isobaric surface va- 
riations of dynamic depth. We can draw isobars in a 
chart for a certain dynamic depth, which is similar to 
the isobaric charts used in meteorology. Or we can draw 
isobaths for equal dynamic depth in a chart for a certain 
isobaric surface, which is similar to topographical charts. 
In a surface of equal depth (in ordinary metres) below 
the surface of the sea there will, as a rule, be variations 
both of pressure and of gravity potential (dynamic depth). 
A dynamic chart for such a surface would therefore con- 
tain two sets of lines, isobars and isobaths, while in the 
isobaric charts or the topographical charts just mentioned, 
we have only one set of lines. The latter charts are 
therefore much simpler and more convenient for a dis- 
cussion of the dynamics of the sea. 

Along a level surface the force due to differences in 
gravity potential is 0. If occasionally the difference of 
pressure is likewise 0, the water is subjected to no moving 
force at all. But generally the pressure varies along the 
level surface, with the result that a force will act in the 
direction from a place with a higher pressure to a place 
with a lower pressure. Let us suppose that we have a 
station with the pressure p, decibars at a dynamic depth 
D and another station, / metres away, with the pressure 
Po at the same level (p, > po), and imagine that we 
have a straight tube with a cross section of one square 
metre laid between the two points. The tube will have 
a volume of / m® and contain a mass of water m — q.l, 
when gq is the average density within the tube. This 
mass will be moved by a force = p, — Ppp» tech- 
nical units or 10 (p, — po) m.ts. units in the direction 
from the first station to the second and acquire an 
acceleration a. Leaving friction out of account we have 
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10 (p; — po) = m.a = q.l.a. The force per unit mass 
(which is equal to the acceleration), is then: 


p= 19 21>". — 19 = 8p (c) 
q. l q. l 


It can be shown that the force of friction per unit 
mass is: 


1 (: : + ais a (d) 

oz OZ 
a being the specific volume and w the virtual coefficent 
of viscosity. The friction usually acts against the current 
but in a very different degree according to the variations 
in « and the vertical variations of velocity. The con- 
ditions depend greatly upon the turbulence. At present 
it is difficult to take the frictional force into account in 
numerical calculations. In an exact treatment it should 
be combined with the other physical forces into a resultant 
force. We have reason to believe, however, that the 
friction is of small importance in comparison with the 
other forces; so in most cases it may be left out of 
account, and we shall neglect the friction in our dis- 
cussion here. 

Along a /evel surface the only force to be regarded 
is, then, the force due to differences in pressure. Under 
stationary conditions this force must have the same value 
as the Coriolean force. From equations (a) and (c) we 
obtain: 


' tS ed 5 


vn= zu = mT em SEC. e) 
o 2 w.q.L.sin » : ; f 


where v'p is the average component of velocity relatively 
to the surface water (see below), the component being 
reckoned at a right angle to the line between the stations 
1 and 2 at the level surface at the dynamic depth D. 
p, and ps. denote the pressure at the level surface at the two 
stations, L the distance between the stations in kilometres 
and » the mean latitude. g is the mean density (com- 
pression included) along the level surface between the 
two stations, as mentioned above. 

In a similar manner we find, by means of equations 
(a) and (6), the following expression for the component 
of the relative velocity normal to the line between the 
stations 1 and 2 in an isobaric surface where the pressure 
is3=— ps 


ata D,—Ds_ 


DD x 
VU p= — 


ass ——— ———— cm./Sec. ) 
2. L. sin » a L (f 
We have assumed that the pressure at the level D 
is greater at Stat. 1 than at Stat. 2. The force due to 
pressure is, therefore, directed from 1 to 2. The distance 
in dynamic metres from the surface of the sea to the 


isobaric surface representing a pressure == p, is greater 
at Stat. 2 than at Stat. 1, ie. D,< Dy. The force of 
gravity is directed from the smaller to the greater dyna- 
mic depth, which here means from Stat. 1 to Stat. 2 at 
the depths in question. With (D, — Dg.) in the numer- 
ator, therefore, we must put a minus before the whole 
expression in equation (/). 

v'p and v’, are components of the velocities — re- 
lative to the surface water — in a direction at a right 
angle cum sole to the line from Stat. 1 to Stat. 2. They 
tell us nothing regarding the real components of the cur- 
rents but only that they differ, by the amounts v'p and 
v', in the direction mentioned, from the velocity com- 
ponent at the sea surface. If the component Of the ac- 
tual current is O at the level surface for D dynamic metres 
the actual current at the surface of the sea has a com- 


ponent = — v’,, i.e. 90° cum sole from the direction 
from Stat. 2 to Stat. 1. In general we have: 
= Op = Co — Cp, 
and — Ww’, = Cy—OCp, 


where the real components of the actual currents are Cy at 
the surface of the sea, cp at the level surface for D 
dynamic metres and c, at the isobaric surface for p de- 
cibars, the components being taken in a direction 90° 
cum sole from the direction from Stat. 2 to Stat. 1. The 
pure wind-current in the uppermost water-layers is then 
disregarded. 

The results arrived at here in an elementary fashion 
agree perfectly with those which may be found by start- 
ing from the well-known circulation theorem formulated 
by Professor V. ByerKNES [1898, 1901]. The equation 
developed by ByerKNES makes it possible to calculate the 
acceleration of circulation when the distribution of mass 
and velocity in the ocean is known. SANpstRoM and the 
author [1902] transformed BJeRKNEs’s equation into a shape 
which was more convenient for such a calculation. The 
next step was taken by the author on the supposition 
that the accelerations of circulation in the sea may be 
neglected. Practically no error is introduced by taking 
the acceleration of circulation as equal to nil. Thus a 
formula was arrived at which is identical with our formula 
(f) above [HELLAND-HANSEN, 1905; cf. KrUMMEL, 1911, 
p. 502]. 

The formulae developed above do not a priori assert 
anything about the causality. They only show the con- 
nection between a solenoidal field and the velocities of 
the current. Such a field may not only be the cause 
of a current but also the effect of it. As to the latter, 
we have an example in the effect of the winds mentioned 
above. We may also, as an example, consider the con- 
ditions in the Baltic current. The excess of water from 
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the Baltic is carried away through Oeresund and The 
Danish Belts which are comparatively very narrow and 
shallow. The out-flowing water proceeds along the 
southern coasts of Sweden and Norway. Owing to the 
influence of the rotation of the earth the surface layers are 
oressed to the right so that a solenoidal field is created. 


1 2 3 


The water is 


Fig. 38. An example of vertical distribution of o¢. 
comparatively heavy at Stats. 1 and 3 and light at Stat. 2. 


Fig. 38 illustrates the conditions in a section through 
3 stations, numbered 1, 2 and 3. The section may, for 
instance, have a direction N. — S. (cf. e. g. the lower 
section on p. 91*, Stats. 69, 67 and 66). The curved 
lines represent the distribution of density (c,). The water 
is comparativily heavy at Stats. 1 and 3, and light at 
Stat. 2. The line p represents a certain isobar. The 
distance in dynamic metres from the surface to this isobar 
is greater at B than at A and C. On the assumption 
that the velocities decrease from the surface downwards, 


as is usually the case, the current must, according to 
the theory set forth above, run with a component east- 
wards between Stats. 1 and 2 and westwards between 
2 and 3. This means that the current runs in such a 
direction that the heavy water is found to the left and 
the light water to the right in the northern hemisphere 
(reversed in the southern hemisphere). If occasionally 
the velocity of the current increases with depth the light 
water will be found on the left-hand side of the current 
and the heavy water on the right-hand side in the northern 
hemisphere. 

We may also draw another conclusion which is rather 
important. The isopycnals usually run almost parallel to 
the isotherms and isohalines. The isopycnals in Fig. 
38 may, therefore, be considered as nearly equivalent to 
isotherms or isohalines. At first sight it might seem that 
the whole wedge-shaped body of water between stations 
1 and 3 forms a characteristic current not only as regards 
its physical properties, but also in having practically the 
same direction of flow. According to what has been 
said above the flow is, however, in opposite directions 
at the two sides of the axis of minimum density (at Stat. 
2). This axis is a critical one as regards the direction 
of flow. Quite analogous conclusions hold good, of 
course, when we have a section with an axis of maximum 
density. 

In the next section we shall deal with the method 
of making numerical calculations, and discuss some of 
the results as regards the North Atlantic. We will only 
mention here some questions in connection with a study 
of the topography of isobaric surfaces. Having found 
the dynamic depth from the sea surface to a certain iso- 
baric surface by means of observations of temperature 
and salinity at a number of stations, we can draw dy- 
namic isobaths. The number of isobaths usually increase 
with increasing pressure (depth). When the friction can 
be neglected these isobaths will represent stream-lines for 
the currents along the isobaric surface relatively to the 
surface of the sea. Thus the conditions in the upper 
water-strata influence the construction of the charts even 
for great depths, which means that, for instance, the 
seasonal variations in temperature have to be considered. 
But we may also start from an isobaric surface at a 
particular depth and make our calculations upwards to 
the surface as well as downwards to greater depths. 
If the velocities of the currents in one of the isobaric 
surfaces are so small that they may be neglected, it 
is convenient to start from this surface. The topogra- 
phical charts for isobaric surfaces higher up in the water 
will then directly show stream-lines for the actual currents, 
and the actual velocity will be inversily proportional to 
the distance between the isobaths. In this case the sea- 
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sonal variations in the upper water-strata have no influence 
upon the charts for other strata, and variations in the 
times when the different stations have been worked hardly 
affect depths below 200 metres. Thus topographical 
charts when rightly constructed may serve as current charts. 

It was mentioned above (p. 79) that Professor WALFRID 
Exman has discovered a general law according to which 
the direction of a gradient current depends upon varia- 
tions in the depth to the sea-bottom. In order to see 
whether this law finds expression in charts of dynamic 
topography Professor EkMAN and the author in 1922 
studied some such charts from the North Atlantic. We 
were immediately struck by the almost complete agreement 
between the series of dynamic isobaths drawn for different 
isobaric surfaces. There is nothing remarkable in the 
fact that a current connected with a solenoidal field runs 
at all levels approximately in one main direction. This 
is only what one would expect as a normal state of things. 
But the agreement was in this case so close that the 
question naturaily arose as to whether it depended upon 
some universal mechanical law. We believed that this 
question could be answered in the affirmative as far as 
stationary hydrographic conditions were concerned. Our 
reasons were as follows: Stationary hydrographic con- 
ditions imply that the isohaline and isothermal surfaces, 
and therefore the isosteric surfaces as well, i. e. surfaces 
combining all points with constant value of specific volume, 
retain their positions unaltered. Consequently any motion 
of the water across these surfaces is excluded, if allow- 
ance is made for the quite insignificant alterations of 
salinity and temperature which an individual bulk of 
water may undergo owing to diffusion and conduction 
of heat. Let us suppose that the isosteric surfaces slope 
— which they must in the case of gradient currents — 
and that the current itself is horizontal. Then the motion 
of the water, if it is not to cross the stationary isosteric sur- 
faces, must necessarily follow the horizontal tangents of 
the latter. On the other hand, according to a well-known 
dynamical law and leaving viscosity out of account, the 
relative velocity of a water-layer immediately below is 
directed along the same horizontal tangent, 7. e. in the 
same direction or in an exactly contrary direction. From 
this it follows that the gradient current at all levels runs 
in one direction or in two exactly opposite directions only. 
From another point of view the same thing may be ex- 
pressed by saying that all isosteric surface elements (and 
all isothermal and isohaline surface elements) along one 
vertical line must slope in the same, or in two exactly 
opposite directions.') 


1) A more detailed proof of this theorem is found in a publica- 
tion by V. W. EKMAN [1923]. 


The reader will have observed already that the va- 
lidity of this “theorem of the parallel fields of solenoids” 
depends upon several assumptions besides the obviously 
necessary assumption of a stationary hydrographical con- 
dition. One of these assumptions is implied in the use 
of the ordinary dynamical connection between pressure 
gradient and velocity, for this is only possible, as EKMAN 
has shown [1923], when the horizontal dimensions of the 
region considered are not very small and when the stream- 
lines of the current are not very sharply bent as they 
would be, for instance, off a promontory. Other impor- 
tant assumptions are the disregard of viscosity and of 
any inclination of the stream-lines in comparison with 
the inclination of the isosteric surfaces. The necessity 
of all these assumptions involves us in some uncertainty 
as to the validity of the theorem. Nevertheless the un- 
doubted theoretical reasons in its favour, in connection 
with the remarkable way in which it is applicable to the 
Great Atlantic Current and other cases, are a sufficient 
motive for retaining it as a working hypothesis and for 
trying to have it tested by observations. 


43. Numerical Calculations. 


The first object of the dynamical calculations is to 
find the pressure at different level surfaces or the dynamic 
depth from the sea surface to different isobaric surfaces. 
The basic observations of temperature and salinity at the 
stations are made at different depths in ordinary metres. 
A depth of 1000 ordinary metres corresponds to about 
980 dynamic metres and a pressure of about 1010 decibars. 
For dynamic depths it is convenient to use standard num- 
bers in dynamic metres and for pressures standard numbers 
in decibars similar to those used for the ordinary depths 
for which the records of temperature and salinity are given 
(standard depths, cf. section 16). The values of tempera- 
ture and salinity at, for instance, 1000 dynamic metres are 
a little different from the values observed at 1000 common 
metres. The real values at the standard dynamic depths 
and the standard pressures could, of course, be found from 
the observations by interpolation, but the differences are 
so small that such an interpolation is unnecessary for 
practical purposes, and an observation from a certain 
standard depth, measured in ordinary metres, may be 
used without alteration as applicable to a depth of just 
as many dynamic metres or decibars. 

In Table Ill the argument a means either ordinary 
metres, or dynamic metres, or decibars. The values of 
temperature, salinity and density without compression (col- 
umns 2—4) are given for the standard depths in ordinary 
metres, but they are also used directly, without any cor- 
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Fig. 40. The topography of the 400 decibar surface relatively to the surface of 2000 decibars. 
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rection, as applicable to the corresponding standard level 
surfaces (columns 6 and 7) or isobaric surfaces (columns 
8 and 9). For the standard values of dynamic metres the 
density in situ (compression included) and the pressure 
are computed, and for those of pressure the specific volume 
in situ and the dynamic depth are found. The numeri- 
cal calculations have been made by means of the tables 
published by V. Byerknes and J. W. SANDSTROM [V. BJERK- 
NES, 1910]. Table IV contains anomalies of specific volume 
and depth of isobaric surfaces, found by subtracting from 
the actual values such values as would have been found 
if the temperature had been 0° C. and the salinity 35-0 °/oo 
everywhere in the sea. y 

The charts on p. 99* show the dynamic depth of dif- 
ferent isobaric surfaces according to the observations on 
the “Michael Sars” Expedition and other expeditions in the 
North Atlantic. Dynamic isobaths are drawn for every 5 
dynamic cms. They show the direction of the gradient 
currents at the different isobaric surfaces relatively to the 
currents at the surface. The difference in velocity between 
the sea surface and the isobaric surfaces is inversily pro- 
portional to the distance between the isobaths. If there 
were no currents at a surface of, for instance, 1400 deci- 
bars, the dynamic chart for this surface would approxi- 
mately illustrate the currents in the surface water when the 
pure wind currents are not taken into account. Figs. 39 
and 40 reproduce two dynamic charts for the eastern 
North Atlantic, dynamic isobaths being drawn for every 
2:5 dynamic centimetres. They show the topography of 
the 200- and 400-decibar surfaces relatively to the surface 
of 2000 decibars and not to sea-level [HELLAND-HANSEN and 
NANnsEN, 1926]. 

The dynamic charts illustrate quite well the agreement 
between different depths in accordance with the theorem 
of parallel solenoids. Ekman’s law of the connection be- 
tween gradient currents and variations in bottom-depth 
seems to be verified in many places. 

The conditions in the Faeroe-Shetland Channel are 
quite remarkable. It is a well-known fact that the distri- 
bution of temperature and salinity is very irregular in the 
Channel, and it has often been difficult to interpret it. 
As previously mentioned a comparatively large number of 
stations were worked in August 1910 from the “Michael 
Sars” and the “Goldseeker” (cf. section 22). The horizontal 
distribution of temperature and salinity at different depths 
is illustrated on p. 95*, and the corresponding topography 
of different isobaric surfaces is seen from the charts on p. 
100*. Isobaths are drawn for every dynamic centimetre in 
the charts for 200, 400 and 600 decibars and for every 
dynamic decimetre in the charts for 800 and 1000 deci- 
bars. These charts indicate the existence of a series of eddies 
in the Faeroe-Shetland Channel. The Atlantic current 


comes from the west in the southern part of the Chan- 
nel while another current comes from the north-west along 
the northern Faeroe banks. Now it is quite interesting to 
see the agreement between our dynamic charts of the 
Channel and the picture inserted on p. 100* illustrating 
an experiment once made by Professor KrUMMEL [1911], 
Fig. 128]. KrUMMEL’s experiment was made by means of 
a water-tank, where the water was set in motion by air- 
blasts in the directions shown by the thick arrows in the 
figure. The intention was to demonstrate experimentally 
the currents in the central part of the North Atlantic be- 
tween Africa and South America. The original illustration 
by KrUMMEL is reversed, so that the right hand side of 
it comes to the left in our reproduction. The experiment 
showed the formation of a double eddy between the pri- 
mary currents as well as an eddy on each side of them. 
The resemblance to the conditions in the Faeroe-Shetland 
Channel is striking. Our dynamic charts show a double 
eddy between the two main currents and another eddy 
farther to the north. The possible existence of an eddy 
in the south-eastern part of the Channel cannot be proved 
for lack of observations. 

Having calculated the pressure at level surfaces or 
the dynamic depth of isobaric surfaces for different sta- 
tions we can find, by means of the equations (e) and (f) 
in the preceding section, the vertical differences of the 
velocity-components of gradient currents. To facilitate the 
calculations the value of x — 1/2 w. sing is tabulated below 
for different latitudes. 


10-4 x == 10-4/2 w.sin » 


gs) 0 | T | 2 a ae) Gal ai ea ee 
| | | 

0 | co | 39:30| 19-65] 13-11} 9-83 7-87] 6.56) 5-63) 4.93| 4-38 
10 | 3.95| 359| 330] 3.05| 2-84| 2.65) 2.49| 2.34] 2.22) 2.11 
20 | 2.01] 1-91] 1-83) 1.76] 1-69) 1.62} 156] 1-51| 1-46} 1-41 
30 | 1-37] 1-38] 1-29] 1-26] 1-23] 1-20] 1-17] 1-14] 1-11] 1.09 
40 107) 1-05] 1.03] 1-01 | 0-99 0.97} 0-95 | 0.94) 0.92} 0-91 
50 | 0.90) 088) 0-87) 0-86 0-85 | 0.84! 0.83) 0-82| 0-81) 0-80 
60 | 0.79} 0.78] 0-78) 0.77| 0-76 | 0-76| 0-75) 0-75| 0-74| 0-73 
70 | 0-73) 0-73| 0-72| 0-72| 0-71, 0-71] 0-71| 0-70] 0-70} 0-70 
80 0-70) 0-69! 0.69] 0.69) 0-69 0.69) 0.69) 0-69 0-69) 0.69 


The anomalies of depth of isobaric surfaces recorded 
in Table IVB are expressed in 10-4 dynamic metres as 
a unit. In taking the differences of the values recorded 
for two stations we obtain numbers which, when multiplied 
by 10-4, correspond to D, — D, in equation (f). In order 
to explain the further calculations we may take the following 
example: In Table IVB we find a difference of 6175 
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between Stats.68 and 66 for the isobaric surface of 1000 


decibars. By equation (f) we find: 
Y = (Dgg—Des) 104 6175 
Minoo = 10 “2 —— ar ta —— = — 1.08 ie 


==/\66:7 ‘cm:/Sec., 


which means that the gradient current at the surface has, 
normally to the straight line between Stat. 68 and Stat. 
67, a component which is 66-7 centimetres per second 
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Fig. 41. 


greater than the corresponding component at about 1000 
metres, both components being reckoned in such a direc- 
tion that Stat. 68 is found to the right. Similarly we can 
find the differences of the velocity-components for various 
depths relatively to the water at about 1000 metres. 

The five curves in Fig. 41 represent, in centimetres 
per second, such differences of velocity components be- 
tween the levels represented by the ordinates p and the 
level for p — 1000 decibars. Each curve refers to the 
average condition between two particular stations, the num- 
bers of which are written at the curve, beginning with the 
station on the left hand side of the current. 

The curves I, Il and III in Fig. 41 illustrate the con- 
ditions in the Great Atlantic Current south of the Newfound- 
land Banks, and curve IV the conditions in the current 
midway between America and Europe. Curve V illustrates 


the conditions in the sea west of the Bay of Biscay, where 
there is probably no strong gradient current but some 
eddies as shown in Figs. 39 and 40. 

Curves I and II show a maximum of the velocity- 
components at about 25 metres below the surface. Dynamical 
calculations from other areas sometimes show a similar 
maximum at a short distance below the surface. This 
feature of the current is difficult to explain, but it may 
possibly depend partially on a comparatively great differ- 


40 50 60 70 


Velocity components relatively to the components at 1000 metres depth. 


ence of direction between wind and gradient-current. As 
a matter of fact such differences of direction must be 
expected at the stations 66—69, where the gradient cur- 
rent alters its course very rapidly owing to the topography 
of the sea-bottom as already mentioned. But other ways 
of explanation may also present themselves. 

Below the surface layers the velocity-components 
decrease with the depth at a different rate. Curve I shows 
a maximum of vertical variation at about 500 metres. Below 
800 and 900 metres the vertical variations are comparati- 
vely slight, indicating that we here approach the lower 
boundary of the current. Similar conditions are also found 
with regard to curves Il, Ill and IV. 

Our computations have so far resulted in numerical 
values of the vertical variations of the velocity-components. 
If the dynamic isobaths in the isobaric surfaces may be 
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regarded as stream-lines, we can easily find the vertical 
variations of the velocity itself when we know the angle 
which the direction between the stations forms with the 
direction of the isobaths. This angle being # we have: 
Uy — Up = — V',/Sin B, 

where uv, is the average velocity of the current at the sur- 
face between the stations and v, at the isobaric surface 
for p decibars, i. e. practically at a depth of m ordinary 
metres when m has the same numerical value as p. In 
order to ascertain the direction of the isobaths is it desir- 
able to have a number of stations scattered over the area 
to be examined. An arrangement of the stations along 
one sectional line is unfit for the purpose. Between Stats. 
66 and 68 the isobaths obviously go in a direction almost 
normal to the line between the stations, i.e. 8 is a wide 
angle and the velocity-components computed are nearly 
as large as the actual velocities. The line drawn from 
Stat. 85 to Stat. 86 (curve IV) evidently forms a small 
angle with the direction of the isobaths (the current) and 
the components are small in relation to the actual veloci- 
ties. We should certainly have found much greater values 
if the stations had been worked straight across the current 
and not more or less along it. 


Only very few of the “Michael Sars” stations were 
worked to such depths that we have observations past 
the lower boundary of the current. Even if the velocities 
are often small at about a thousand metres below the 
surface they are in most cases not negligible there. For 
instance between the stations 66 and 68 the difference of 
the velocity-components at about 1000 and 1400 metres 
is about 4 centimetres per second. In the eastern North 
Atlantic a sufficient number of stations down to 2000 
metres or more has been worked, so we have been able to 
construct more reliable charts of the currents here than 
we can for other parts of the North Atlantic [HELLAND- 
HANSEN and NANSEN, 1926]. 

We need not enter into further detail regarding the 
numerical calculations of the currents. They are easily 
made by means of the equations above and the data 
given in Tables III and IV in Part Il. We have here made 
the calculations by means of equation (f) in section 42; 
they may also be done by means of equation (e). The 
numerical results will be a little different in the latter case, 
because there is a difference between the depth of the 
standard level surfaces and the standard isobaric surfaces. 


X. CURRENT MEASUREMENTS. 


44. Methods. 


In 1906 a great many current measurements were 
made in the deep Norwegian fjords, in the Norwegian 
Sea and the North Sea [HELLAND-HAnsEn, 1907]. A rowing- 
boat was tightly anchored fore and aft with heavy grap- 
nels and hemp-lines. In the fjords we could obtain very 
sharp cross-bearings whereby the shifting of the boat’s 
position within a metre or two could sometimes be 
discovered. The boat kept its position so well that its drift 
had no effect on the observations of the currents even 
if the depth to the bottom was as much as 500 metres. 

It was part of the program for the hydrographic in- 
vestigations on the “Michael Sars” Expedition to have 
current measurements made in different localities. We 
intented to use one of our rowing-boats with double 
anchoring in places where the bottom-depth was not 
great. The first experiments of this kind were made at 
Stat. 18 in the Straits of Gibraltar, where a few obser- 
vations were secured from the rowing-boat. The cur- 
rent, however, proved to be so strong that the hemp- 
lines broke again and again, and the plan had to be 


given up. We had not the necessary equipment for re- 
placing the hemp-lines by steel wires, as we have had 
when making more recent observations of the currents 
in the open sea, for instance on the “Armauer Hansen” 
Expedition to the North Atlantic in 1913. 

Having been forced to give up the work from the 
small rowing-boat we tried to anchor the steamer by 
dropping one of the ship’s anchors attached to the thick 
trawl-wire. In the strong and fairly regulariy veering 
current the vessel lay steady enough to allow fairly re- 
liable measurements to be made. The stout steel wire 
served to check the ship’s movements. In order to obtain 
an idea of what the latter amounted to the ship’s com- 
pass was read at short intervals. These compass readings 
did not vary much, even over a considerable length of 
time. The ship mostly remained lying in one direction, 
at least during the time needed for carrying out each 
separate observation. Of course the compass readings 
do not enable us to judge of the distance which the 
vessel may have drifted. Naturally the sheering of the 
ship to or from the anchor does not affect the bearing. 
Even if a swing of the vessel is immediately indicated 


ATLANT. DEEP-SEA EXPED. 1910. VOL. 1] 
by the compass readings the way made by the ship when 
swinging cannot be determined without knowing the di- 
stance from the bow to the anchor, i. e. the position of 
the anchor-wire in the water. A swing of the ship may 
have but a comparatively little influence upon the mea- 
surements if the wire remains in a constant position. 

At Stat. 58, S. of the Azores, the ship had been 
trawling when the trawl got stuck to the bottom in a 
place where the bottom-depth was about 950 metres. In 
this way the ship was well anchored, and we took ad- 
vantage of the opportunity to make current measure- 
ments. 

In a few cases observations with the current-meters 
were made from the “Michael Sars’ when it was drifting. 
At Stat. 49C a plankton-net of 3 metres diameter was 
suspended by the trawl-wire at a depth of 1000 metres. 
The depth to the bottom was probably more than 5000 
metres. The big net and wire reduced the ship’s mo- 
vements. Many observations were made at 9 metres 
below the surface, while at the same time measurements 
were made at other levels down to 1000 fathoms. At 
Stats. 19 C and 47 a few measurements were made while 
the ship was being slowly moved by the propeller at a 
fairly constant speed. 

The observations at the three last stations were in- 
tended to give some idea of the vertical differences of 
velocity, not, of course, of the velocities themselves. 

The observations were made with EKMAN’s propeller 
current-meter. 4 instruments were used. Their constants 
are seen from the following equations: 


Instrument No. 7: v = 0-6 + 0-64 n 


+ , a0: v = 0:5 + 0:39 n 
” ” 31: i 0-7 -L 0.37 I 
: », 41: v = 05 + 0:38 x, 


where v means the velocity in centimetres per second and 
n the number of revolutions per minute. Sometimes 
two instruments were used simultaneously at the same 
depth and showed a good agreement mutually. 

The results of the observations are recorded in Table 
V where some particulars are also given of the circum- 
stances in which the measurements were made. The 
times recorded in the second and third column of this 
table are the actual mean times of the observations. Be- 
sides the observed velocity a reduced velocity is given, 
the spreading of the shots being taken into account. The 
reduced velocity refers to the average velocity in the 
mean direction. 

The iron masses of the ship may appreciably affect 
the compass of the current-meter at small depths. The 
magnitude of the effect — the ‘deviation’ — naturally 
depends on the magnetism of the ship and varies with 
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the ship’s heading. According to investigations made by 
Lotte Me.Ler, A. SCHUMACHER and H. THORADE we may 
infer that the magnetic influence of a ship like the “Michael 
Sars” reaches down to about 30 metres below the surface. 
At 9 metres — where many measurements have been made 

- the deviation in some cases amounts to 10° or more. 
The error in the determination of the direction of current 
at 5 metres is considerably greater, when the observ- 
ations are made from the “Michael Sars” and not from 
the rowing-boat. I have not tried to correct our observ- 
ations for such errors. 

Even if the current-meters were rather heavily loaded 
with lead weights the line was sometimes deflected to 
an appreciable extent by the strength of the currents. 
Such cases are noted in the tables. 

When the current measurements have been made 
during a sufficient length of time to allow of harmonic 
analysis, the N.- and E.-components have been com- 
puted by interpolation for every complete lunar hour. 
We have not sufficient observations from any of the sta- 
tions to enable us to find the diurnal variations of the 
currents; but at Stats. 18 and 58 measurements were made 
during more than 12 hours, so the semi-diurnal variations 
can be calculated. For the N-component we have the 
following equation: 


vy=v+Pcos30t-+ Qsin 30 t 


and for the E.-component 


u—u+ Mcos 30t+ Nsin 30¢ 


where v and u mean the average values of the compo- 
nents for 12 lunar hours. f¢f is the time (in lunar hours) 
reckoned from the first hour of observation. If, for in- 
stance, the observations commence with 22 L. H., ¢ is equal 
to O for this hour, 1 for 23 L. H. etc. 

For determination of the major (2 a) and minor (2 6) 
axis of the ellipse representing the tidal current we have 
the following equations [WERENSKIOLD, 1916]: 


2a=V (M + Q) + (N—P)? + 7 (M—Q? + (N+ P)? 


26=V (M+ Q)2 + (N— P)? —V (M— Q? + (N+ P)? 
If 6 is negative the tidal-current turns cum sole, if 
positive contra solem. 
The angle, «, which the major axis forms with the 
W. and E. direction (positive from E. towards N.) is found 
by the equation: 


_2(M.P+N.Q) 


tg 2 «@ = —— ae 
(M + Q) (M— Q) + (N+P) (N— P) 


106 


BJORN HELLAND-HANSEN 


[REP: OF THE “MICHAEL SARS” NORTH 


The time when the maximum of current occurs may 
be expressed in degrees (y) reckoned from the starting 
point of the analysis, and found by the following formula: 


_ 2(MN+P.Q 
(MQ) ON IN aD 


The results of the calculations of the angles may be 
checked by means of the equation: 
P—N 


Os aya 


tg2y= 


tg (a 


45. Measurements from Anchored Ship. 


Observations from the “Michael Sars” at anchor were 
made in the Straits of Gibraltar (Stat. 18) and in the sea 
S. of the Azores (Stat. 58) as mentioned in the preceding 
section. The reduced velocities recorded in Table V and 
the mean directions are represented by diagrams on pp. 
101* and 102*. The thick lines drawn in full illustrate 
the observations at 9 metres. Observations at other depths 
are denoted by crosses, with numbers for the depths. 
The thin lines marked ‘“M. S.” show the true (not mag- 
netic) heading of the ship. 

At both stations measurements were made during 
more than 12 hours. At 9 metres so many observations 
were made that harmonic analysis of the semi-diurnal 
variations can be made. As previously mentioned, the 
deviation of the compass of the current-meter has not 
been taken into account. 


a. Observations in the Straits of Gibraltar. 


It is well known that a surface current carries At- 
lantic water into the Mediterranean, while an under-cur- 
rent flows in the opposite direction and brings deep water 
from the Mediterranean into the Atlantic. The two cur- 
rents are clearly demonstrated by the figure on p. 101*. 

The observations from the “Michael Sars” commenced 
early in the morning of the 30th of April, when the 
surface current was running W., with the ship pointing E. 
The velocity of the current at 9 metres was 40—50 cm./ 
sec. or nearly 1 knot (towards W.) Shortly afterwards, at 
about 4 o’clock in the morning, the surface current turned 
and the ship swung round. Later on until noon the di- 
rection of the ship remained fairly constant towards W., 
while the current at 9 metres ran eastwards with a maxi- 
mum velocity of 115 cm./sec. (2-2 knots) at about 9 
o'clock. In the afternoon the ship swayed somewhat in 
accordance with the surface current, but neither of them 
turned round, The conditions in the early morning and 
the early afternoon showed a marked difference which 


did not correspond to the variations in wind at this place 
(cf. the notes on the weather, p. 54*), but indicates di- 
urnal or other variations of a longer period than 12 
hours. 

The measurements from the rowing-boat were made 
at 17—18 o’clock on the 29th of April not far from the 
place where the “Michael Sars’ was anchored some hours 
afterwards. Observations were made at 5, 20 and 40 
metres. The velocities were almost the same at these 
three depths and greater than the maximum velocity found 
at 9 metres in the forenoon on the following day. This, 
again, indicates considerable diurnal variations. 

Fig. 42 shows the variations of the N.- and E.-com- 
ponents of the current at 9 metres. By means of the 
smoothed curves the values of the components have 
been interpolated for every lunar hour, beginning with 
22 L.H. The values thus found have been used for an 
harmonic analysis which has resulted in the following 
equations: 


v = 22-7 — 35-9 cos 30 (H +- 2) + 4-6 sin 30 (H + 2) 
it = 46-9 — 54-8 cos 30 (H + 2) — 2-5 sin 30 (H +- 2) 
where 7 means the lunar hour. 


The results of this analysis are illustrated in Fig. 43. 
The ellipse represents the variations of a semi-diurnal 
tidal current, which turns cum sole. It has its maximum 
(65-5 cm./sec.) towards N 57° E (@ = 33°) at 4 and 16 
L.H. and towards S 57° W at 10 and 22 L.H. The ve- 


locity of the rest current is = V/ 22.72 + 46-92 — 52 centi- 
metres per second (1 knot) towards N 64° E. This 
current is represented by the arrow pointing towards 
the centre of the ellipse in Fig. 43. The resultant current 
(the semi-diurnal tidal current -+- the rest current) at dif- 
ferent lunar hours is found by drawing straight lines from 
the rear point of the arrow to the different points marked 
along the ellipse. The maximum of this resultant current 
appears about 4 hours alter the passage of the moon, 
with at velocity of 118 cm./sec. towards N 60° E. 
These results are, however, uncertain because the 
observations comprise 12 lunar hours only. The curves 
in Fig. 42 show considerable variations besides the semi- 
diurnal one. It is very probable that variations with 
shorter periods than 12 lunar hours exist, but there are 
evidently variations of a longer period too. When the 
semi-diurnal variations are eliminated we obtain a resi- 
dual variation which manifests itself by a general increase 
of the E.-component and decrease of the N.-component 
during the period of observation. This variation may 
be caused by a diurnal period in the tidal currents or 
by meteorological changes, or both. In any case it 
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Fig. 42. The N.- and E.- components of the current at Stat. 18, 9 metres. 


affects the results of the harmonic analysis with regard 
to the semi-diurnal variations and the rest current. 

The broken lines in Fig. 42 connect points (for 22 
and 10 L.H.) which would have been found along the 
same ordinates if the current had been composed of a 
constant rest current and a semi-diurnal tidal current only. 
The variations with a longer period than 12 lunar hours 
are certainly not linear, but we may to some extent eli- 
minate them in our analysis of the semi-diurnal variations 
by taking them as linear. We can then reduce the hourly 
values which were used in the harmonic analysis above. 
In doing so we obtain the following equations: 

v = 21-6 — 38.0 cos 30 (H + 2) — 3-3 sin 30 (H +- 2) 
u == 50-3 — 47-9 cos 30 (H + 2) +- 23:3 sin 30 (H + 2) 


This gives a rest current with a velocity —= 55 cm./ 
sec. towards N 67° E, and a maximum of the semi- 
diurnal tidal current — 63-5 cm./sec. towards N 56° E 
and S 56° W. So far, the results are nearly the same 
as those found by the first analysis, but in other respects 
the results differ. The maximum ot the semi-diurnal tidal 
current appears 31/2 and not 4 lunar hours after the pas- 
sage of the moon. While the major axis of the ellipse 
is almost the same in both cases, the minor axis comes 
out a good deal greater with the reduced than with the 
original values. The most striking difference between the 
results of the two calculations is, however, that the second 
analysis gives a semi-diurnal tidal current which turns 
contra solem, while the first gave a turn cum sole. The 


108 


BJORN HELLAND-HANSEN 


[REP. OF THE “MICHAEL SARS” NORTH 


result first obtained corresponds to the swing of the ship 
early in the morning (30. April) but it is possible that 
the diurnal variations have a decisive influence upon 
the direction of the turn. 

If the average variation of the current in 12 lunar 
hours (represented by the broken lines in Fig. 42) is due 
to diurnal tidal variations these must be very important 
and able of themselves to cause a current with a maximum 
velocity of at least 43 cm./sec., but probably more. In this 
connection I may refer to the results arrived at in section 26. 


coast and the outlet of the fjord, thus temporarily hindering 
the outward movement of the surface water of the fjord. 
Similarly, variations in the air-pressure and winds on both 
sides of the Straits of Gibraltar must cause variations of 
the currents in the Straits. I do not possess the necessary 


observations for a further study of the variations of these 
currents and cannot therefore decide how far the above- 
mentioned increase of the surface current in the Straits 
during the time of observation is caused by meteorological 
changes or diurnal tidal variations. 


Fig. 43. The current at Stat. 18, 9 metres. 


The average variation in question may, however, also 
be caused by changes in the meteorological conditions. 
The author has found that some great variations in the 
surface current usually running seawards in the Sogne- 
fjord seem to agree with variations in the mean air- 
pressure gradient over the North Sea outside the fjord. 
The wind blows nearly at a right angle cum sole from 
the direction of the pressure gradient. The wind, on its 
part, creates a wind current which causes an average trans- 
port of the upper water-layers at a right angle cum sole 
from the wind, i.e. in a direction contrary to that of the 
ait-pressure gradient. Current measurements were made 
in the Sognefjord during 60 hours in July 1929, and on 
that occasion the surface current happened to slacken very 
markedly in the course of 20—30 hours which could not 
be explained by the local wind conditions. Shortly before, 
however, the mean air-pressure gradient over the northern 
North Sea veered from north to west, whereby the surface 
water was probably driven more and more towards the 


We have seen that occasionally the upper current may 
turn and run westwards owing to the tidal streams. Our 
observations show no turning of the under-current at, for 
instance, 200 metres, but great variations in its velocity. 
The surface current (or the upper current) and the under- 
current are naturally defined in accordance with the rest- 
current at different levels. We are not able to calculate 
the rest-current except at 9 metres, and even there only 
approximately. We may, however, use the vertical distribu- 
tion of salinity as a criterion of the vertical extension of 
the two currents. 

Vertical series of observations on salinity and tempera- 
ture were made at four different times at Stat. 18 (Table 
II, pp. 22* and 23*). The first series, 18A, which is the 
most complete one, is used for the more detailed records 
in Table III (p. 35*) and the curves reproduced on p. 66*. 
The stability was very pronounced in the upper 75 metres, 
and especially between 25 and 50 metres, where the verti- 
cal variation of salinity was great. The salinity was a little 
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Fig. 44. The N.- and E.-components of the current at Stat. 58, 9 metres. 


more than 36°/oo above the discontinuity layer and more 
than 38 °/oo below it. We may, then, take 37°/oo (and 14° C) 
as a limit, and reckon water with lower salinity (and higher 
temperature) as belonging to the upper current. The series 
18A and 18B were obtained on 29. April between 11" and 
12", and at about 14" L.M.T. From the current measure- 
ments made on the following day we may infer that the 
upper current was weak when Stats. 18A and 18B were 
worked. 37°/oo and 14°C. was found at about 35 metres 


in the first series and at about 30 metres in the second. 
The series 18C and 18D were obtained at times when the 
upper current was stronger (18 D at the time of maximum 
velocity), and 37°/oo or 14°C appeared at much greater 
depths (about 100 metres). There are evidently great tidal 
variations in the vertical extension of the two currents. 

The figure on p. 101* seems to show that the water 
between 150 and 250 metres moved westwards during 
the whole period of observation. The maximum velocity 
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observed in the under-current was 245 centimetres per 
second (corresponding to nearly 5 knots) at 200 metres 
at 2 o’clock in the morning 30. April (about 22 L. RH), 
when the resultant current at 9 metres ran westwards too, 
with a velocity of 45 cm./sec. At this time probably all 
the water from the surface to the bottom moved from the 


marks for different depths, do not pretend to illustrate the 
variations with even approximate correctness. The curve 
for 40 metres, for instance, can be drawn in such a way 
that it shows variations similar to those at 70 metres. 
From our observations of salinity, mentioned above, it 
seems probable that the boundary between the upper and 


Mediterranean to the Atlantic. We cannot now decide 
the question whether the whole mass of water occasionally 
moves in the opposite direction. 

Our observations show that the velocity of the under- 
current had a maximum when that of the surface current 
had a minimum, and vice versa. When one of the cur- 
rents was strong it attained also a comparatively great 
vertical extension. Some observations from 70 metres show 
that the water at this depth belonged sometimes to the 
surface current and sometimes to the under-current. The 
broken curves in the graph on p. 101*, combining the 


S 


Fig. 45. The current at Stat. 58, 9 metres. 


under current shifted at least from 30 metres to 100 metres 
on 29. and 30. April 1910. 

8. Observations in the Sea S. of the Azores. 

The observations on 12. June at Stat. 58 are plotted 
out in the figure on p. 102*. The curve marked “M.S” 
shows that the direction of the ship usually varied rather 
slowly (except between 9% and 11% o'clock). The varia- 
tions took place within comparatively narrow limits while 
the current at 9 metres turned completely round. The 
heading of the ship naturally depends on both current 
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and wind, according to their relative strength. Notes on 
the wind are found on p. 60*. At 2" 40™the wind and 
the current (at 9 metres) had almost the same direction, 
about 180° different from the heading of the ship. At 
55 30™ the surface current was evidently near its maxi- 
mum (at 9 metres between 30 and 35 cm./sec.); the ship 
then had a position which can easily be explained by the 
composite action of current and wind. At 11" 30™ the 
current was weak and the ship lay directly against the 


46m. 


91m. 


of 24 cm./sec. and a minimum of 19 cm./sec. according 
to the analysis above. The maximum occurs 21/2 hour 
before and 31/2 hour after the passage of the moon; the 
direction is then N 16° EorS 16° W. This semi-diurnal 
tidal current rotates cum sole. 

As at Stat. 18, the N.- and E.-components at Stat. 
58 show an appreciable average variation during 12 lunar 
hours as indicated by the broken lines in Fig. 44. Both 
components show lower values at 21 L. H. than at 9 L.H., 


183m. 


Fig. 46. The currents at various depths at Stat. 58. 


wind. — The variations in the heading of the ship between 
9% and 11% o’clock coincided with comparatively large 
variations in the observed velocity and direction of the 
current, the observations having then probably been in- 
fluenced to a considerable degree by the ships’s move- 
ments. Otherwise the current measurements seem to 
be fairly reliable. 

Fig. 44 illustrates the variations of the N.- and E.-com- 
ponents of the current at 9 metres. When the hourly 
values of the components are used without reduction the 
harmonic analysis beginning with 9 L. H. (1" 20™L.M. T.) 
results in the following equations: 


v = —3:3 + 23-4 cos 30 (H + 3) + 0-5 sin 30 (H + 3) 


u= 70+ 1-7 cos 30 (H 4+- 3) + 19-7 sin 80 (H + 3) 


This gives a rest-current with a velocity of 8 centi- 
metres per second towards S 64° E. It is weak compared 
with the semi-diurnal tidal streams which have a maximum 


the difference being especially great as regards the N.-com- 
ponent. When we reduce the hourly values for this 
average variation in the same way as is done for the 
observations at Stat. 18, we obtain the following results: 


v = —3-9 + 22:3 cos 80 (H + 3) — 3-6 sin 30 (H + 3) 
6:8 + 1-1 cos 30 (H + 3) + 17-8 sin 30 (H +- 3) 


This means a rest-current of 8 centimetres per second 
towards S 60°E, i. e. practically the same values as were 
found by the first analysis. The maximum of the rotatory 
tidal current amounts to 23 cm./sec. and the minimum to 18 
cm./sec. The maximum current appears one hour earlier 
than the time found above, but the rotation goes in the 
same direction (cum sole). 

The average variation from 9 to 21 L.H. may be 
caused by tidal changes with a diurnal period or by changes 
in air-pressure and wind over a wide area, as was the 
case in the Straits of Gibraltar. If this variation at Stat. 


— 
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58 is due to variation of the tides, a current with a diur- 
nal period and a maximum velocity of at least 9 cm./sec. 
must be superposed on the one with a semi-diurnal period. 

The observations here discussed leave room for no 
doubt as to the existence of fairly strong tidal currents 
in the upper water-layers in the open sea at a consider- 
able distance from the Azores. The depth to the bottom 
was about 950 metres at Stat. 58, as mentioned above. 
The Station was situated in a locality where the bottom 
sloped from the Azoric sub-marine platform towards the 
deep sea in the south. It is to be expected that the velo- 
city of the tidal currents should increase in such a locality, 
but it is nevertheless remarkable that they are as important 
as our observations show. 

The measurements made at depths greater than 9 
metres are illustrated in the graph on p. 102*. They are 
too sparse to allow of a satisfactory analysis. The varia- 
tions in the observed velocity and direction of the current 
at different levels do not agree with the variations in the 
heading of the ship, and the movements of the latter have 
not had a decisive influence upon the results of the measure- 
ments so far as one can judge from the scattered observations. 

In Fig. 46 the results for 46, 91, 183, 457 and 732 metres 
are illustrated by means of vectors. At each of these depths 
4 observations were made. It seems fairly sure that the 
current at all levels turned cum sole, and that a complete 
turn took place in the course of about 12 hours. This 
evidently means that the rotatory tidal currents dominated 
at all depths. They were not equally strong or running 
in the same direction at the different levels. 

Such variations of the tidal currents from one level 
to another support the conclusions arrived at in Chapter 
V. We shall not go further into the subject here. A more 
thorough discussion of the interesting problems that arise 
must be left for the future when a great deal more material 
in the form of observations has been procured. 


46. Measurements from Drifting Ship. 


The current measurements made at Stats. 19C, 47 and 
49C will not be discussed in detail. They only serve to 
demonstrate a few facts of interest with regard to the 
variations according to depth. 

The observations at Stat. /9C were made when the 
ship was moving slowly eastwards (with the trawl at the 
bottom). The station was situated in the Mediterranean 
at a short distance from Gibraltar. 

The current-meter at 300 metres registered a velocity 
of about 60 cm./sec. and a direction contrary to that in 
which the ship was drifting. It is probable that the cur- 
rent-meter here acted almost like a log. At 5 metres the 
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Fig. 47. Relative velocities and directions observed at Stat. 49C. 


deviation of the compass of the instrument makes the 
observations unreliable, but it seems fairly certain that the 
apparent current ran eastwards at a considerable velocity 
(about 60 cm./sec.). This means that the surface current 
had a real velocity of more than 1 metre per second 
towards E. at the time of observation, which corresponds 
to the time when the surface current in the Straits of 
Gibraltar had passed its maximum but still ran strongly 
eastwards. At 20 metres the current was deflected to the 
right in relation to the current at 5 metres, and at 40 
metres it was still more deflected. At both of these depths 
the current moved eastwards at a greater speed than the 
ship. At 80 metres the apparent current ran towards SW 
at 1" 16™, the real current probably running SE at a speed 
considerably less than at higher levels. At 3" 4™ the indi- 
cation of the current-meter at 80 metres seems nearly to 
correspond to the movement of the ship, as is also the 
case with the observation at 170 metres. 

At Stat. 47 a few measurements were made when the 
trawl was hauled and the ship moving slowly. The direc- 
tions registered by the current-meter were nearly opposite 
to the heading of the ship, the greatest difference (26°) 
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between the registration and heading being found at 9 
metres. There seems to be a difference in the currents 
between the various levels of the observations, but the 
currents were probably rather weak. 

At Stat 49C two current-metres were used simultane- 
ously, one at 9 metres and another at different depths 
lower down as far as 1829 metres (1000 fathoms). The 
results are plotted out in ordinary Carthesian co-ordinates 
in Fig. 47. The movements of the ship were reduced 
by means of a big net suspended by the trawl-wire ata 
depth of 1000 metres. The depth to the bottom was about 
5000 metres 

The heading of the ship varied between S. and W. 
(curve marked “M. S.”), while the observations at 9 metres 
exhibit variations in the direction of the apparent current, 
mostly between W. and N., i. e. about 90° different from 
the ship’s direction. The two curves show almost the 
same variations. 

The velocities observed show considerable variations 
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with the depth. During the first two hours of observations 
the velocities were 10—15 cm./sec. greater at 9 metres 
than at 91, 274 and 1829 metres while the directions 
recorded were pretty nearly the same at all 4 depths. 
The velocity at 9 metres decreased fairly evenly during 
6—7 hours, while at the other levels the registered velo- 
city showed a general increase. 

The deepest observations are two from 1829 metres. 
If we suppose that the real rest-current at this depth is 
negligible, the movement of the ship can be determined 
and eliminated from the observation simultaneously made 
at 9 metres. In so doing we find that the current at 9 
metres at 23"42™L.M.T. on the Ist of June 1910 had 
a velocity of 11 cm./sec. towards N 38° W, and at 5" 11™ 
on the 2nd of June 12 cm./sec. towards S 86° E. This 
indicates that there are rotatory tidal currents which have 
a different velocity and direction at different levels, and 
that the tidal currents may be quite distinct and measurable 
even if the depth to the bottom is very great. 
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1) The ship was manoeuvring with tow-nets etc. from 5, June 13.10 to 6. June 9.30. 
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') Tow netting from 6. June 18.30 to 7. June 0.10 (Stat. 52). 
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‘) Tow-netting from 10, June 18.35 to 11. June 7.0. 
*) Trawling from 20.0 to 24.0. 
5) Tow-netting from 12. June 19.30 to 13. June 5.25. 
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') Tow-netting from 6.30 to 17.0. 
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') Tow-netting from 8.0 to 12.0. 
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') Tow-netting from 6.0 to 15.0. *) At St. John’s (New Foundland). 
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Table Ib. Surface-Observations and Meteorol. Records. 
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*) Tow-netting from 12 to 18 o'clock, 
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26|| 7-5 | 
21 0 | 
12|| 65 | 
ij 5 
50|| 7-2 | 
39||  .45 | 
26 8.05) 
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1) Tow-netting from 11,0 to 18.30. 2) Tow-netting from 11.0 to 20.45. %) Tow-netting from 10 to 18. 
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*) Trawling from 12.30 to 18.0. 
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') Tow-netting from 13.0 to 19.40. 
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1) Tow netting from 23. July 19.30 to 24. July 6.30. 2) Trawling and tow-netting from 26. July 10.0 to 27. July 5,0. 
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‘') Tow-netting from 1 to 9 o’cl. 
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') Trawling and tow-netting from 4 to 18 o’cl. 2) Tow-netting and trawling from 9. Aug. 14.30 to 10. Aug. 3.20. 


20# Table Ib. Surface-Observations and Meteorol. Records. (REP. OF THE 
i eee 
Shie) rion Position Sea-Surface Atmosphere Z ate ae | Position | Sea-Surface Atmosphere | 2 

(es pes $ «5 = ' ; ce 
(Ship's Time) | | els | wi 5 ip’s Ti P hes eae Pe = me 
|| Lat. N. |Long.W.|| Temp. |Salinity)) © |£ =) Clouds Eee = Sips |Lat. N. Long. W] Temp. | Salinity) = E> Clouds} _ Wind z 
be | od a | et an a a jek Tce [ a =| | Dir. Force | 
ll l =m l 
1 } | 
{| © ' ° ' e ¢ °, / i | 1] | | 
i910 | | | °C. | Moo |°C.| 2% (0-10) (0-6) 1910. 4 ah Py on RE? Ul 8a ®/0 (0-10) (0—6) 
VIII.10, 4,0 |}60 54) 4 25) 12.75 | 35-21/11.0) 95) 10 ENE. 1 VII. 12. 7.0 | 61 26| 4 44) 11-75) 35-25 | 
2 es Gia l| a0) Celine / | 
| 50 | 95 / - , 80] 24} 34) 3 | 17/118] 98, 89 |ESE. 2) 192 
: 60 || 46| 355] 1335) -12| 298] 10 |B 1 - A seals | 45 | | | 
: i . ; | | a I) ‘| | »” 
7 | 42|  39)| 12-45 - . 100] 24| 32] 85) -21]) -s1100| 8 [ESE 2 
- , 80] 38) 24] 130 | -21/ 120) 96 10 ESE. 1 . 11.0] 21] 15]] 12:05] — -22} / 
Se OO aly ha : | | 
| 34 6) 05 | | - , 1215] 16] 350) 11-85/ -21/ 122) 96) 10 ESE. 2/ 113 
- , 100} 30) 249} 126 | 13) 6 98,910 NNE. 1 > Soe | -65|  -20 | | 
- 30 | : \ 13% "| | G 
. 11.30) 26] 34) 13.15 | }103)- - 140 | | 1245 11.9|(100) 9-10 ESE, 2| 
- , 1240) .| «|| -15| 3498) 130) 99] 10 NNE. 1]/ 4] - - 150] , | 15 ; 
5. 480: 74 Saat es ‘ |” 
| -45 =. Ge ie gill a0 -8| 93} 10 |ESE. 2|| »R 
a sk) 31| 3 1]  -35| 35-14) 12-6|100| 9—10 |NNW. 1-2 a | AKG 4 | -15, /12.2| 82 | 
= TRON) ae pzol| ot | | "| | | |. 
| | -15 | 104] - . 18.0 5a ame | 25 | -1/ 81] 10 IESE. 2] , 
2 SRG ee) bl] | au zstioo| [ye aly 5. |= 5 19.0 aes | | | 
2 Since Ree aay Ps oS | 
| | | 21) | : 20.0 4 E. -395 .2| 78|}9—10 |EbN. 2-3} 
= 5 SRO 43] 45) 1285) 20/ 4100, 10 |NNE. 1 p= 210 15] 45/25] -22!| | 
- , 190] 45) 50) 75) | | |105] - . 220} 12] 33] 11-95 o| 98} 10 |B 3 
2 Bo | »|| -75| -17| 420/100] 10 |NE. 1] ,]- ~ 230 9] 19] 1225] 21] / 
Ea oe nOal aa: SZ +s 16] | | | | | 
oe | 85| -16 | = 24.0 8| 14], -35 17] -21 981 10 {E. 3) 114 
- , 20]/ 51/414] 6 | 16] -0/ 98 10 [E. “ico 18, 10 wt al, 25 | | 
; ; | ‘ | | | | ” 
: 23.0 | 54 28} 1305] 00) | Ae = 20°), ol eae | .2|100/ 10 |ENE. 23] , 
- , 24.0 ' al 405 | .o| 96| 10 IE. ie dlee § x, - 22.45 ¢ Ne a ee | | | 
le 11. 1.0 . al 0 | | | |} ” | | ” 
| 1 | | | »|- + 40) 4] 257] -45] -20]) -3/100 910 ENE. 3) 
Samed f » || -05 11-2\100/ 10 ENE. 1] ,]- . 50 || 1| 46]! -55|  -22] | ! 
oa ool 5 5 || 19. : i} | 
| 56, 35/1295) 19] | | - , 60] 0] 41] -45| .20) -6) 98) 10 |ENE, 3] 115 
- , 40/61 0] 48] -45) 18] -2; 98) 9 |ENE. 2| BT) cg 45| 20 | | 
: - | | ul ” | | ” 
at | 4| 5 51) =O 28 | | | 107} - . 80 | , - -45| .20]| -2| 981 10 |ENE. 2]|-,, 
ra eG.) |» Ps 25 0} 98} 10 {E. | aleee ae O-20 4 y 6 19||  .3/ 98) NE 9 
= tO ; S| LW i Se 
| 1-85 | | »}- + 100] 4] | 65) 17] 61100) 78 ENE. 2 , 
- , 80|) 6] 19/123 | -18l]77-3| 95] 10 |ENE. 1] |- . 110 | Tel, ake ae he oe 
: 9.0 | | | bh ee ize| eet ‘< 
- 90 10) 35) 11-95 a | | z 12.10 »| wf] 725] +24] -O]ft00] | ; 
- , 100 13) 47] 9 | 24] 4) 95/910 E. 1) 108 . 140 .| «| -75] -22/1130| 98} 8 |ENE, 2 
= BE MO Wy sg). pill) o8al> walz7g97 EGS) yl) ee | eNO 2 55|  -19)| / | : 
vats ee | i 6 < 6 | 20] -8)100) 9 |e 1 _ iiol ,| , | -65| -22/112-7) 99 9 |ENE. 2 : 
; | | » 
- 130 | } 65) 19} | | ee SMO) |i) | RMS Mee! alr / ’ 
- , 140] 22| 24 10-85] -17|| -0/100] 10 |ESE. 1j1o9R} - . 180 Hib | 35| a7| s\os| 8 INE al , 
- , 150} 26) 30] 05) 13] | = £880 | Aen Nae se ime = | |. 
Ss, eo | | 9. oe) | . | : 
40) | 26] 40) 945) 28} } f= 200) 4) 55] 221) ahe98) Bi INES 
cee 2 210 37| 18|| -95] — -15]) 10-8)[100]| 8—9 |ESE. 1-2 Seat | 55 | : 
728.0 38 3i| -55] eel 2.0 | ; | | gal | ; 
aie 38 | 16 | | eee 2X0) | »| » || -65| -22)) -4| 98)910 ENE. 2], 
eg, 2a 39 5 57) 11-05) -15)11-8)(100), 10 ESE. 2) 110) - 23.0 | : 65) -22 ! 
5 eS eed an) Stl at call (ime ie | : : 
: 12 | | eeeuen! ,, || -55| 20) -6| 9819—10/ENE, 2] ,, 
- , 20] 35| 35] 6 | 18/124) 98] 10 ESE.” 2 4a 10 ||, 55] 20] | | | 
<- Ve aSO ah. aes, UndBl6 9/0" 22 | p | 
3 | 23 | - . 2017 ,| ., | -45] 09] -6] 96) 8—9 JENE il, 
AY ky alg 32} 16] -75| -19], -0| 98] 10 |ESE. 2/11] -. . 30 | Re sheet me | 
- « 50 : » || 55] -20/|11-7| 95 BE 0 || eee 2 Pod re 65 15 2 gs) 8 ENE. 11 , 
- , 60 99] ° ail «a5! 22) -sbeal Oo IESE 2 ig ger ene? ont | ' ee 


ATLANT. DEEP-SEA EXPED. 1910. VOL. I] 


Table Ib. Surface-Observations and Meteorol. Records. 
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| Sere be = | a % Sy ees Pe 
= Saal En eee — ————— > 
gh sm) 686 | 375 1130) 35.88 | 27-40 16h {ba 137 15 | 396 | 36.02) 27.00 
| — | 
Mm bees Stat. 29. 9—10. May 1910. 2 | aid) eae 
| 10-77 | c 30° 10’ N. 7° 55’ W. : sADT acl 
6 37 | 914| 500 r} .99| 60 
| 76 | Oh 8m 0| 0 17:8 | 36-36 | 26-38 
7 7 | 1097 | 600 Bete 36.22.73 0 23 13) |.1796) 351 33 Stat. 32. A May 1910. 
te 10 46 25 | 16-09 | 33° 27'N. 8°32’ W. 105 metres. 
30 1280 700 10) 1a) 82-88 PSST eget ret ee 21| .865| 20h 15m) 0} 0 17-9 | 36-21) 26.24 
| 7-81] . ! (ig 8} 28) da} 17-49) 
Oe Pease West Wise oa at Pac 31 | 183] 100 sa 35-90-99 ‘igs le Syelvt-oRih ASO eqn ae 
. 5-27 | | | Vevial 
SS oor ean ee 43 | 974| 150} 178%) 721 97-045 5 | age. os (umee 
ches ay a ee 
Stat. 26. 8. May 1910. 22:28. \| S6GH ROOM. eats 6D) ISN oa ce | 73| 40/1370) | 
° , fe} / = : | | ; | 
36° 53’ N. 6° 48’ W. 50 metres. 35 éa9 | 30% 11-22 el) 58 sqoai he, Mere ' 
21h 10m; 0} 0. | 16-8 | 35-91 | 26-28 ite | | 57 
ac | 9" ¢ . 
30 9| 5 ve 84|  -235 p22 739"|\- 40gR| aes | 19 46 | 101| 55 | 136! 
Me | a AS on), 98) 278 oh og, ng al ota | son iy meet aeriOyliencts | 
99 37, 99 | 1353) gg gg Pasig _| Stat. 33. 11. May 1910. 
Be 42 ORT BOO cary | EL 2 She niTIN. 10? 6" We De ance 
6 46 25 | “"49| 88) 27-01 Igh 55m} 0 | 16:3 | 36-06 | 2651 
Stat. 30. 10. May 1910. SF © BB} | eos LOO see alee 
Stat. =f 9. an aa 34° 38'N. 8° 99’ W. 47 9] 50 | aed 16 89 
s6°3UN. 7 TW. * sh 17m) 0) 0) 174 | 36:30 26-505 
1h 30m; 0 | 0 | 17-42| 36-37 | 26.48 39.) 2s) TBs) 338) cass SeaG Stat. 34. 13. May 1910. 
2 evga anee ee 36) 52 38 | 46 25 | 1603) -28 -74 | 98°52'N. 14°16'W. 2170 metres. 
2 | 46] 25/1636] -31} -69 oa 
. Kar | 45 | 91; 50| 188) 31) .79 | 16m 49m) 0] 0) 181 | 3669/2656 
2 44 91 50 236 25 | 87 13.92 34 Dan) 13. | 18.09 56, -25 
: 24 | 183/ 100 95.| 39:92} -93 17 22 46 | 95 | 17-98} -59] -51 
22 | 183| 100 | 1998) 3597! 96 | | myer 99 | 911 50/1718! 55] -68 
ae ie, en | 13:02 13 | 274) 150] “"o9| “81 | 27-04 38 | 183 | 100| 1638} -38| .74 
35 274 150 | ‘01 -81 | 27-04 lig een 13.97 
| 5 53 | 366| 200|!725| 74] .135| 90°17 | 974] 150} 1997) 3596] 95 
send Pbk 25 97 
1 43.| 366) 200] ''95| 63) -11 | see 
Mee 6 8 | 549| 300] !!14) 64] 965] 19 16 | 366} 200) 1287! .79|97-05 
12.36 13 | 88 
12 | 457| 250| “92! 3603| 33 re | | ue 
7 57. | 640| 350) 70°) -74| 36 [18 ame) 4a} 950 | ot eal 
| J 
ae ee 6 24 | 732] 400 | 'f) 96] -46 | 19 ga} 640 | 350 | 1088) 56) 33 
36° 0’ N. 7° 19’ W. Pees | ice at 
729m} 0) 0/175 | 3635|26445] 8 57 | 823) 450/198?) oo] 57 | ay 4 | 914 | 500 | ST] 42] 545 
9 11 93| 131 47-19] :34)' 515 Aes | 10.60 | eee 
4 46 | 25] 1680) 32) 59 i: bas es pS Sh i Stat. 35. 18. May 1910. 
6 44 | 91 50 | lal) 21), -83 | 7 34 | 1006| 550 | 106?! 3609) 72 | 27°27’N. 14°52’ W. 2603 metres, 
eo Paes t | 10.64 12h 57m; 0} 0 | 186 | 36-37) 26-19 
7 18 183 | 100 | “"47| 07) 93 | 7 9 | 1097} 600| “'G3} +18) -745 Rel © 9 5 | 18-56 33 | 47 
| | | | 
ag) la 13-17 : | 1060) here 13 23| 13] 1847) -33| -19 
3 | 274| 150 35-87|27-05 | 9 21 | 1280?) 700?) 35.96 | - | 
23 ; an eepr ; akg (hs 20 | 46| 25/1792) 42| 395 
6 57 366 | 200 | ee BON 1 30 91 | 50 | 16-86 | 42) -659 
11.36 | Stat. 31. 10. May 1910. 40 | 183 100 Poe 11) -80 
33 457 | 250 35, 00| “155 ONT 0°97) : Pet 
lay ace 33° 47’N. 8° 27'W. 184 metres. 
7 40 | 549] 300 | Sr) 52| +19 | 16h Om 0} 0 | 17-7 | 36:33 | 26-38 Stat. 36. 19. May 1910. 
«| e10| 25012066! rl ap | 2! | 2] 5] 179] 36) 35 | 26°12'N. 14°26’ W. 10 metres. 
ae ; 66 elle a a > ae = pe 18h 50m) 0 | 0 | 16-4 | metle 
8 53 739 400 | ba 65 37. ce 46 25 ian 25 pe 45 2 1 | 1627] .-14| -58 
‘ | “af fies erat Epos te 32 5 | 3 | 1620; -17) -62 
36 | 823 450 | 100%) s606] 63 |15 55 | 91) so| #83) 14] 99 23 | 9 | 5 | 15-78] 17} -71 


ATLANT. DEEP-SEA EXPED. 1910. VOL. I] 


EM (mr | ee | tC 8 0} gy 
= = 
Stat. 37. 20. May 1910. 
26° 6'N. 14°33’ W. 39 metres. 


8h 33m 0} 0 | 17-65 
2 | 9 hes | ged 
15-68 Ke 

21 | 23} 13 | °.67| 36-17 | 26-74 
| | 15-62 | | 

12 | 59] 21 Ps) id), 73 


Stat. 38. 20. May 1910. 
26° 3'N. 14°36’ W. 77 metres. 


11h 36m) 0 | | 19-2 | 36-15 | 25:87 

27 | 9} 5| 1807) -15/26-15 
PeeA|| os | 

21 | 46] 25 %3 23) -745 
15-78) 59| 

11 | 73] 40) 74] -22| 76 


Stat. 39A. 20. May 1910. 
26° 3/N. 15°O'W. 214 metres. 


18h,20m) 0 0 | 19-2 | 36-48 | 26-12 
17 | 9} 5| 1884) -45) -19 
10 | 23| 13) 1847) 46) .29 
2 | 46| 25/1802) .45| .395 

Wes |) 91 50 | 17-78) -44| 45 
46 | 183] 100| 1673) -42| .685 
35 | 206] 113| 16-27) 33! -725 

' | 


Stat. 40. 22—23. May 1910. 
28° 15'N. 13°29’ W. 1197 metres. 


21h 56m! 0 | 0] 184 | 36-44 26.29 
2 1 9| 5| 1849] 42] .25 
21 51 | 23| 13] 1849/ .42| .25 
41 | 46| 25/1769| 43] .46 
31 | 91| 50] 1686| 39) 64 
Baio || 183.) 100°} 2°82) 39) 92 
Q) 36. | 265| 145.| 1438 
49) 
13-11 
24 | 357} 195] 13-11 | 
‘ | 
| 457 | 250 | 1-22) 35.59| 27-12 
23 54 | 640) 350) °°) 34] 20 
38 | 823| 450) 727) 20] 455 
18 | 914} 500} 742) 23] 55 
Zoom | ceailieaan: | 12° 
58 | 1006 550 | Pet 22) 60 


Stat. 44. 28. May 1910. 

28° 37’ N. 19° 8’ W. 
0 0 | 19-2 | 36-87 | 26-415 
23 Ise 9:38i|  -83'|. 35 


Oh 6m 


0 


Table II. 


Serial Observations at the Stations. 25 
LMT m f t°E |S %o0 Ot LMT | m i t°C |S %o0} a 
7m 55m) 46 | 25 | 19.26) 36-79) 2634 | 7 19m) g14| 500, ®67) 35.44 27.54 
9 53 | 91) 50/1834) .79| 575 Fay ee ea a oe 
10 30 183 100. 16-90 | 44 -66 | 5-93 
| | 1463} 800| 23) 31] 83 
AB |r O74) || FeO er ae | weak). «BB sc ‘ 93 
a4 4-57 P 
| 50 | 6 44 | 1829 1000 A) alot S87 
59 | 366 | 200 | 1350! 35.83) 95 : bese 56)? 
| eo 10 21 | 3950 | 2160] 2-42} 34.90) -88 
ao ! 
ae oe Se ucsda') are aC Oboe 26 | 4950 | 2707 | 748) 99! 87 
12 27 | 54g)! oq.) 20 
aa Stat. 50. 4. June 1910. 
10 14 | 732} 400| 989) 43) 335 30° 8'N. 31°19’ W. 
9 9 914 | 500 oat | 35 | 525 5h 47m 0 0 20-25)! 36-81 | 26-09 
| | wd | Ghee Ula . | 30 
iy <3 | 1097'| 600 SERS as) Ga) t 47 ‘ »| 40] 81) 05 
nel | 8 30 23 13 20:38) 78-035 
9 32 | 1463] 800] ")2) 32] 805] 9 3 | 46| 25/2012) 87] 417 
| Fee 5 1 | 91| 50] 1826] -56| -42 
8 31 1829 | 1000 70 17) 87 8 53 183 100 17-66 52 54 
47 | 974] 150| 1612| -19| 65 
¢ | | 
Stat. 46. 29. May 1910. 40 | 366 200 | | 05| 78 
28° 56’ N. 21° 45’ W. ae 
18h 29m) 0) 0 | 19-7 | 37.00 | 26-385 EO [eon Weta Monee by ee 
21 32 | 23| 413 19-74] 3693] .32 ae eae 
| 7 14 | 549| 300| 734) 65] 97.05 
18 26 | 46] 25/1920) -82| 38 ‘ | 31 | 
21 25 | 91] 50| 17-89! .66| 59 0 | 732 400 | 1037 | 2891) 096 
17 | 183 | 100] 17-43] .59| 645 ee, | 
| 2 | eal ay 
11 | 274] 150 | 15:28) 1) 795] 5 30 | 914) 500| “3) 45] 47 
=| | 8-14 a 
3 | 366} 200 | 1851) 35.93] 95 | 7 55 | 1097) 600] N13) 49) 66 
| : 6.03 
20°53) fr air za ie acai oGB27.05. ||) ) 8-25: | 28684). 800 |. 9, | 
| | 4:50 | ‘ 
12 | 549) 300/158) 57) ag 1 | 1829 | 1000} *52| 10) 835 
28 | 732| 400) 1°08) 48) .ags Stat. 51. 6. June 1910. 
| - | 910 7 c rE 
ip.“ RSTaAI Renae meeeD S| - 31° 20'N. 34°56’ W. 3886 metres. 
| Ua ae 12h 8m; 0 | 0 | 206 | 36-61 | 25-845 
19 49 | 1097) 600} 747) 41) 695 25 | 25} 14] 20.49] 58| -85 
| 18 | 50| 27] 19-38] -57| 26-14 
23 | 1463} 800) >72) 97] 82 3 | 100} 55| 1817] -56| 445 
n49 | 38 | 200} 109] 17.04] 33] -54 
18 51 | 1829} 1000| * io an oe _, | 15-90 - 
ies! om Cal 13 38 | 300| 164) %99| -14| -66 
Stat. 49. 2. June 1910. 12 58 | 400| 219] '*7)| 35.94| 78 
oO / 9 Oo / a | 
29° 2) WN. 20° '30' W. 13. 48 : : ae 93| .78 
gh 2im| 23] 13 | 19-56] 36-72| 26-21 ed 
9 28 | 46| 25/1936} -73| .27 | 14 41 | so0| 273| 1938) 74) 905 
6 24 91} 50 | 18:35) -76| 55 : a Weteeant 
8 14 | 183} 100| 17-67] 62) -61 6 | 600 | 328 | 14.93] 99) 27-07 
9 20 | 274| 150 | 16.00 66 | 
Soha | 151 |, 800) | ae eee cata 
21 | 366) 200) °*25| -00| -87 a 
fas | 16 37 |1000| 547] 768) 
8 56 | 457) 250 | 178! 35.77 | 27-02 Noe 
~ | ae | 20 é 
34 | 549 | 300 | 11.93 SEG?) | SOO) Tere eee | eae 
it 10-16 ae PN a) | 411 1 
35 732 | 400 oh eee fl ie) 15 41 | 2000 | 1094 | “og} 09) -87 


96% Table Il. Serial Observations at the Stations. [REP. OF THE "MICHAEL SARS” NORTH 


LMT | m Pod tee Sn | eT Ur) | me |e > | ee ston LMT | m | -f | £C |S %o) 
| FA pew te 43 2 ee) ee | | A 

16h 29m 183-100 See 36.02 | 26-81 gh 58m} 91} 50 | 17:39 36-35 | 26-48 

Stat. 53. 9. June 1910. 1237 | 49 | 183} 100] 1671) .27| -57 

35° 7’ N. 32°30'W. 2865 metres. 20 457 250 35 | 39-67 | 27-06 40 | 274} 150} 16-13) 17 | -64 

_ 5 10-11 Wsapodee|) | 2 ; 16] -20| -66 
7h 59m 0 0 | 19-5 | 36-33 | 25-925 8 732 | 400 1 46} :31 | 15.93 | 

8 30 93} 18)/°19-30)) /-93/)) -90 lil / 9 11 | 366 | 200} “55| 35:99] -71 
4 46 | 25] 18-06) -25| 26.235 : 

a -sg)  Sendhe ea eee es Stat. 59. 17. June 1910. 8 35 | 457|.250| 1978) 73) a2 
s ss | 193 | 10012558} oo| zo | 38° 30°N. 28°37'W. 225 metres. |. | eadhe Sells 
: | 57) | "| 6h 34m) 0] =O | 18-9 | 36-26 | 26-08 7 Meee! & 

9 18 | 974) 150} #08) 584] 34 42) 23) 13-1764) +18) 29 Widge aa Wea Vi. | 1895 ee a 

ea 27 46] 25|17-09| +17]. -41 ‘ioe ) 
35 | 366] 200] °"53| -71| -955 iB fer, 1586 apes 8 47 | 549) 300| “"35| 54| +96 
‘ sis) | Were (EB Bonk epi] 1013) seed 
56 | 457 | 250 99 60. 27-03 36 «137.75 er 05; 63 | 13 58 | 640) 350 | “"'15| -24/27-14 
Jaws 11-07 : | 842 
8 17 | 549] 300| 57) -48] 16 ia | oy ee 49% oo| 77 | 10 51 | 732) 400) “ay] 1) 32 
| 949] . | 8-41 : 
10 27 | 732| 400) “4g -36| -345 51. 590 lh a0| 14.63 avon | 7a: [ete a a "ag| -tL{ 82 
59 | 914] 500) SOI) 38] . 595 1st Seen fl Peel! eae 
ee Stat. 60. 20 June 1910. Lae 
11 41 1200 656 85 -36 -TA 37° 9'N. 38°5/ W. 9 26 914 500 | 97 ‘16 -71 
12 14 | 1600| 875} 451! og! .go | 5h 49m) 0 | 0 | 19-4 | 36-26)25-90 | 13 0 | 1097] 600} *86) atl -74 
_ 6 49 | 8 ee | 
7 49 : .| 8 | 25) -78 | 412 36 | 1463] goo) 421) 3497] 77 
19 
Stat. 57 (A, B. C, D). 11. June 1910. 6 4g hil) 93 13 | 19-56 2] 82 / 3.55 / 
A: 37°7'N. 29° 4 Ww. 41 | 46) 25] 19-50) -21/ -83 | 12 4 | 1829/1000) “F,) -94) -81 
11h Om 0 0 | 18-85! 36-25 | 26-05 8 4 64 38 | 16-76 -12 | 26-45 ; 2.9] 
28 46 25} 16:49] -13) -52 5 53 91 50 16:10) -11,— -60 18 £98) | SOs ae 89 eds 
late z 15-58 | | ; | 2-36 | 
10 55 91 50) care 09] 73 | 6 55 | 183'| 100 "58 | 07) -68 | 20 44 | 4000 | 2187 | 35; °88| 87 
| | | | | i | 
43 457-250 | sas 35-64 | 27-06 4 274 | 150 a3 35-89 | -78 17 20 4850 | 2652 | 2 | 
/ | | | 
eae: % | 366} 200| 1365} 79| 
Mee6 914-500 16; ol] Sl (9 366 63 | 9 Stat. 64. 24. June 1910. 
. 8 35 | 457) 250/ 1728) 55) 99 34° 48’ N. 47°52’ W. 
B: 37° 9'N. 29° 40' W. AB} 10-83 | ies 20h Qm) 0 | 228 | 3658) 25-21 
7 17 | 549] 300] 95) 37] 27-12 43 93} 1310173]. -58] SI 
sia) Webel Pen ca Dag 8.27 | | 37 | 46| 25|1993| 1) ..5 
3-94] « B92) | 73d) AGO free etd (a e89 i 
34 | 1829 | 1000 04 35-03 27-84 -26 | ee 3b) 9) 50 | 17-99 -40 | 26-37 
7 57 | 914! 500 wee 416] .63 | 20 28 | 183 | 100] 17-40) -34) M46 
Se re oe 1 | 366 200| 1621] 17]. -61 
i a ae a 6 25 -:|\1097°) ‘600 | 282) na) 7a 14-76 
aa Boie¢ 62 | 1946, )) 457 | 250:| 7S 
14h Om O | 21-75 | 36-27 | 25:27 4.08 76 
55- , laune k 
13 49 | 732| 400 | 1023) 35.45 | 97-08 SBE} 1888 | 850) “074, “00, “SIS eager! Ss40 |/.2950) 0" ieee 
‘ 3-67 | . | = 
’ $B: | 1828] 2000.) 67] S887] “Beas 87 | 6354 ae ieee eel 
De 372 21 Ne 29%36W. ; ) 10.54 
fone, Sel. ap ete Stat. 63. 22. June 1910. 1B 82 | 720) ee oo ee 
© be ‘ a7, Q0 rg < 
ger 36° 5’ N. 43° 58’ W. 29 | 1070 | 585] 73) 05] 64 
14 39 183 | 100 | “40 36-06 | 26-78 Qh 49m 0 O | 22-2 | 36-45) 25.98 3.73 
15 49 - nalasl ils st) 17 52 | 1780) 973 72 34:95 80 
Stat. 58. 12. Juni 1910. POS US go clei ce eee 
37° 37'N. 29°25’ W. 948 metres. So eo) (eee Stat. 65. 25 June 1910. 
23 46 25 | 18:34| -36| 26.25 7° 19'N. 48°30’ W 
15h. 25m 0 0 | 19-2 36-18 | 25-89 10 64 38 | 17-58 381-45 3 5 ; 
0 46| 25] 17-92] -18126-21 | y4 45 : : 86] 30) .32 | 14h 24m) 0 0 | 21-9 | 36-43 | 25.35 


15 91 50 16-06 16} 64 46 4 5 E 73 | 7 es 93 13 | 20-85] -36| -60 


ATLANT. DEEP-SEA EXPED. 1910. VOL. 1] Table II. Serial Observations at the Stations. PN fs 
| 
EMT |, ate) fF | .8C |S 0! oy EMTS toatl fea h eC |S: log ti a, EN |oomi® Py ten | f°CauS: Yooh gy, 
| | 
ae 
16h 58m 46 | 25 | 20-01} 36-34 | 25-77 M Biles vate een, 
| | 4h 51 ig ae 32. 92 
14 91} 50 | 17-20] +31 | 26-49 Stat. 68. 28. June 1910. ei D tier te 
| | = RC 
FOES ES |i iOD | 2689 39° 20’ N. 50°50’ W. a sO C0 Ph 
} A “ 
30 366 | 200 ee ‘I) 66] 10h 6m 0 O | 21-5 | 36:26/2533] 4 9 o7| 15.| 856 
14.04 19 46| 25 | 20:81) .27| -53 - - 56 
ie Neral el 02 a ; : | 91} 50| 1879] 40/2616] 5 17 | 37/ 20| 485! 3304| 2619 
10-85 4 | 274] 150| 17-45] .34| -45 65) 
399 3527-10 | | 9. 
aD te | | 84 17 | 457 | 250 | 16-34 Beer 4) 46)! 25 |) Oe a 
| 7:87 | 14-45 x 
14 38 900 | 492 = 7 55 | 549] 300 | 32 444| 55| 30] 470) 7a] 7a 
fe 50 10-26 hs | 
090 | 596 5] 35. ; | 5. 
15 55 109 | Yea 35 | 732 | 400 .94| 99:28 | 27-14 34 68 | 37 en 34-16! 86 
40 | 787| “‘sa| 34.97) -75 5 | 675) 
27 | (14 | oe 8 51 896 | 490| 72] 02) 49 93 91 | 50 1a 55| °.99 
1800 | 984 | 289) 96] .79 648} oo! 5 | 86 | 
1411 | "87 9 25 | 901 493) Nye} 02] 53 fee | igs: Petes oa anes 
7.20 | | I ace | 
ee ee SNL gy 3 54 | 274] 150) °83) o1) 43 
Stat. 66. 26.—27. June 1910. 6:48} ag | : 
oe Br 8s. saan legen baeegr te o02t oe 45 | 366| 200) 97) 92] 56 
39° 30’ N. 49° 42’ W. Coes esa tetra | lk te or 
(ie) ce ba 950:) 2h 80). 66 
21h 57m | 0) 0 | 19.85) 34.57 | 24.50 ee alee sealed Pace ie 66 
2312 23 | 13 | 18-97] 35:27 | 25.27 32 | 1097) 600 | “g)| 34:94)  -67 1 | 549! 300 er 91.72 
13-71 | . : 
24 46| 2 | 34-83 | 26-14 | 426) 35.99] . ; 
| 5 "63 | 7 5 | 1426 780 | *53| 35:02] -80 17 | 610| 350| 393) 90 74 
t a1) 50 | 150) | 2 44 | 732 a lO 
a Stat. 69. 29. June 1910. Pe ae. | ses ti 
| ‘ - , ! i 
69 | 41°39’ N. 51°4' W. a4 | 820] 448| *7!) 90] 76 
| 7-56 | ; 
0 27 820) 175 | 55) “88; -27| 6h om |) 0 0 | 17-15) 35-40 | 25.80 al | 3-71 
6-05 eee OE 7 10 | -70 
eee 20-2 ry) | 92) 751 a5 ||, 9a | 1g.) esr |) asi!) 80 Sah Ai ane a TEAS 
Mer toga) OAT! oat. co 27 | 46| 25 | 16-48 | 36-07 | 26.47 eg sibel 
a 46 Wage 15 | Ca. 42°55'N. 51° 18’ W. 
fins | 4 6 91] 50) 1513 35.85] 61 
22 Al 732 | 400 | a 97 72 eee 14h [m 0 0 | 12-4 | 32-45 | 24.56 
| rs gee 11-76 | 
20 25 | 914| 500| 429) 98| 76 ee Mis a) ig ‘8 > GarUiearelne Mies 
| hn 8 | 11-54 | 14-15 
/ | 6 274} 150 -39 | 27:00 11-15 
22 14 | 1097| 600| “13! 35.00| 79 i Be ieee tee veal ted hh es 
| 6 54 366 | 200) ~ 16-21 | | 825| 67/98. 
21 43 | 1450| 793 | °82) 34904] -79 se soho a ee i 
| ; : , 4.12 | : 
_ 2 ae 350 gy) al 0 a EO ein, 2) 89 tte, 98." joer) < eo: |e 86 | 26:10 
) Ras fre: 6-17 | lear 
6 38 | 549} 300) “17; 02) -57 19 | 46 # #23) 33-40| 52 
4.47 | 
18 732 | 400 | 34.91 69 ae) sa kee 
Stat. 67 & 67A. 27. June 1910. al Oe bin | ol DT i aa 
40° 15’ N. 50° 37’ W. 4 47 | 914) 500| “16! a” |) 68 SF) ee ee | 
3-84 : | 6.97 | 
i), 9 ti) 1097 ee > : Ee 6:97 | : 
Stat. 67: 5 BOD aga |e 92) > <76 52 95| 52) 97/3439] .96 
3.35 | = | 
10h 14m | 0 | 20-6 | 36-03 | 25-60 12 1829 | 1000 a ‘90; -79) 14 31 | 185]| 101 ioe -87 | 27-20 
39 91| 50 2006 40] -83 
4 Stat. 70. 30 June 1910. Stat. 7h | 30. June 1910. 
En Oe: 42° 59’ N. 51°15’ W. 1100 metres. Dale Ne ee 
| 
19h 52m 0 | 0 | 21-7 Hele jh 51m 0 0! 11-9 | 32-45) 24.65] 21" 59m 0 0 | 12-2 | 32-61 | 24-71 
18 59 | 457| 250 | 193?) 35.73) 26.87 a nae he se | 1a! 10 | MPEEY ga] 99 
1 Meee Wed BT |, 74 : 
19 29 | 1006] 550] “3! 4 51 eee n> Gt) al 22. 2) 97, 15 || 5893.05) 25:57 


28* Table Il. Serial Observations at the Stations. REP. OF THE “MICHAEL SARS” NORTH 
| | pean] | / 
umt | m | f | tec |S %0| g | EMT | m | F [tC S260, 1 UMTe lem of) 9 aac ieee tien 
Z |: oe ties 7 = ~_ = ~ Ls. 7 | | ve. | 
| | = | | | : | 
a 49 | 37| 20| >!8) 3352/2651 15h 230| 55 | 30| 730) 33.05 | 97-195 
5.40 | Stat. 75. 9. July 1910. | 9.47 
34 46]. 25 | 4g] St. fs) 47° 99" N..49° 16) Wi. A20rametres: 32 | 73} 40) “4g|3410) -23 
a2 | 6o| 38} S20) asa} 97 | 6h 16m) 0) O68 aaah ted ee set) a0 ey Cie 
“82 6-11 
| | | 32 18 | 10. ; wd 
24 91 ay roy] 43} 99 | ee 15 40 | 114) 63| 743! 335] 495 
| ! ) < 4 Lad ! 
| : 4 27 15 13) 
14 | 134) 73] 734 54 | 27.03 75 i | 137] 75| 213) ‘si | 45 
5 43 | 37) 20] 7 3 | 165| 90) 343] 56] 51 
Stat. 72, 1. July 1910. a tl ath eee ee | aa 12 SI 
44° 35’N. 51°15'W. 72 metres. ; o + 58 
5 2m | 0] 0] 107 | 3220/2467] 6 17 | 55| 30/.'33 Stat. 79. 10 July 1910. 
6 2 | Si, s5| -20| -70 pee 47°16’ N. 44°17 W. 271 metres. 
ee - 1-10 7-96 
ae 18} 10 | 142) on! 73 6.68.) 7) “aoe oe at 97 9} 51/8) -35| 26.00 
| - 1.06 6.17 
9.56 6 39°) op} solr 90°.) 97-1 a8) SEED erage tee 
c | eapekanl 2 pro hago 400 79 
30 | 118 5 | ~Oer | 1 ) : 85 
6 25 33a) 18s] °-32| 1-45) 05.64 2 Gul. 874 | | os 
| 20 14 | 55| 30} 782) 3409/97. 
pega eat | 220), Stat. 76. 9. July 1910. | 82 | eee cee 
a Gel ge ee0!| aalinens 47° 11'N. 47° 6' W. a 6.| 093| 40] PIE eoni ings 
03 | 18h 21m) 0] 0} 59 | 32-89) 25-91 2.71 
geig. | sel Gage 19 21 ol at 394 ake go 20 88s | OR ere 
. | 20 21 ; » | 85] 88} -91 2.43 
A | | 39 | 203 79| .93 | 479 22 137 75 44 44/51 
| 5408 19 31 | 18} 10| *2°) 98/2613 55 
| ee 49 | 183) 100) 789) 56) 158 
Stat. 73. 1. July 1910. 25 | 37 | 20) “og ng. | a8et gage) ere 
° / fe) , 8 . . 
45° 58’ N. 51°25’ W. 70 metres. 18 57 a 98 0.87 33.60| 945 3 
2m im | 0} 0| 845) 32.07 | 24.93 fe 
x | 9] s| 829] ailasce] 9 7 | $5] 90/2054) 69/2708 Stat. 80. 11. July 1910. 
| Oo Q4r oi 
sarin | Cay agence mnetioe is | 64| 35|7°38) 86] 205 Sie ae 
| | 89 | | 5h 40m! | | 11-8 | 34-24] 26.06 
90.56 "| "97 15 ee .25| .97 18 36 91 50 ba 34-13} -365] 6 40 | a hi tne) -24| -06 
/ 0 = | | | 11-84 | 
d/cie «|. 32) - 18) S28). com) Mao 98. | 137] 75] ‘gg 42) -826 ee |) ee eee 
| 55 | | 11.65 / 
5 | a7} 20| 138 60/2610 18 | 183| 100} 789) .57| 59 AB Ts cpA@\) 22D) eperaeaee es 
| ; 9.63 
ca otis 051 7 | a4 | 150, 328 5 42 | 91| 50| 723) 35.021 27.05 
51 | 7.24 
i gt} ag (7101 ool ag | 17 45 | 366) 200] #37) 80] 715 10 13 | 137] 75| 725) 3467] - -15 
, Dine ! 5 10 | 180 | 95) "ee | aap) aoe 
Stat. 74. 2. July 1910. Stat. 77. 10. July 1910. 6 5 | on | aso°| eal) rele 
47° 25’ N. 52°20’ W. 156 metres. 47° 18’N. 44°54'W. 171 metres. | 82) 
1gh gm O01 O| 7-2 | 3225/2525} 148 40m} 0] 0} 841 | 3321 ae 5 52 | 366| 200] 423) 91] 63 
23 27| 15] 19] -28| 40) i6 39 | f | 95 | 22] 67] 9 18} 457} 250) “go} 94 69 
| 4-16 115 4.52 | 
17 56 37| 20) *78 2 ewes Ue = 92| 8 22 | 519| 300| *32) 98! 74 
18 3 | 46/ 25 ie 65/2612] 15 47 | 18) 10} 725] 21] 96 7 | 732] 400 $32 86-76 
oon, | - 1-52 6-77 | ra 3-30 | 
16 | 1} 50/7735) 88) 47 51 | St}, 20) 7g] 4] 2616 | 9 “oy S14 | bo ay 87|. -77 
9 | 146| 80 beast) 3314] 67] 14 46 | 46) 25 33a{ 38, -70] 8 39 | 1097} 600} 258| 89]. .79 


ATLANT. DEEP-SEA EXPED. 1910. VOL. 1] Table II. Serial Observations at the Stations. 29* 
CRE eame Pe S% lg | Lut | mf | tec | S% - tmt | m | ft | t°C | S%0| o, 
: J _—_i—— — — = = 
| 
Stat. 81. 12. July 1910. Stat. 83. 14. July 1910. Stat. 86. 16. July 1910. 
48° 2’N. 39° 55' W. 48° 30’ N. 33° 55’ W. 47° 29'N. 30° 20’ W. 
10h 19m) 0} 0 | 148 | 3553/2644 | 16" 20m) 0) | 16.0 | 3561/2624 ] 18h 14m | 0) 0 | 18:25, 36-01 | 26.00 
11 19 Ribecee st52 | 17 18 call ied ists 37 46| 25/1629 .08| -52 
14-72 | 15.97 Z 14-85 | 
0} 46} 2/17} 70] 60 [16 47 | 23) 13) 9 17 42 o1| 50 | 1483) 35.95] 75 
14.07 leet an | 14-82 : 13-40 
10 6 | 9) 50/ OG 29 | 46] 25/8?) 55] 46 [20 7 | 183| 100/120] 80) 95 
11 22 | 183] 100| 1293) 67/94 a7 | 69) 38) 1793) 58) 96 119 45 | 274| 150| 1286 65/0701 
| | | 
9 s7 | 274] 150| 1288) 72) 07.00 6 | o1| 50/1208) ‘salo7o1 | 20 44 | 366| 200) 1185| 56] 08 
44 | 457) 250| 162) 54] 10 53 | 183) 100 PeeP ash lat hag Ba: |eaee (350,149 88 1 ag) 4 
10 50 | 549] 300| 748) 16] -19 |} 23 6 | 270) 147) 11N) 44) 42 | 19 56 549300 peed ar Fa 
| | | 
| | | 
11 | 640} 350| “88|3499| 31 | 17 3 | 366] 200/171) .28| 19 J 18 28 | 732} 400| %O1| 34] 40 
10 36 | 732| 400| {S| 89) 43 | 22 so | 450| 246| S88 ia *| "aia | sen |}, P27 | to} 2 
| 5.07 | 8.31 
| 92| 6 | 959 | S31], : 
a | 914] 500] ®%| 92] 63 | 17 54 | 457) 250] *3)| 05] -29 Stat. 87. 17. July 1910. 
15 | 549} 300| “1% 3495) 33 | 46°48'N. 27°44’ W. 2157 metres. 
Stat. 81 A. 12. July 1910. Gaal caelanh eee Sones O| 8118-75 : 
48° 1’N 39° 46’ W. is ata ee 23 23} 13 | 17-29} 35-705) 26-01 
20m bm} 0) 0/ 151 | 3540/2628 | 21 28 | 914] 500| 423) 95] 71 31 46| 25] 1337) 705] 89 
14-33 
o | 46) 2 65| 64 | ; 
: 33 49 | 1097; 600) S11) 93! 74 al 91} 50 | '270) 68 | 27-00 
| 12.50 
41 | 183 100 51 91 
| 49 22 22 | 1692| 925| 372) 90] 79 55 | 183| 100] 1716) 69 | 05 
| 9.45 
Bile) 4ar |) 250 | 243) 1427-18 19 4 | am| 150/58] sa] an 
Be ees ag | 354 oaco) eg | Stat 85. 15.16, duly 1910. 
| 2 47° 58’ N. 31°41’ W. 53 | 549} 300) 1025) 396) 17 
19 57 | 1697, 600] ~ 92} -75 | oon gm} 0} 01} 164 | 35-64| 26-165 Nes ie 8-12 | 
ea cnt | rig ee ee a7 | 722] 400| *12) 4] 39 
Ba peot) 930" gg] 95] 80} on 1 | 18} 10} 1637] G6) -.-19 6-46 
ts | 2 15 | | 1637) 66) 17 | 914} 500) &48) o7| 57 
98." aa RCo eee 6510) 26 eee ieee 
Stat. 82, 13. July 1910. Meat SES Gaga baal gate 0 etsal Nalin 
C 56 
ah 17m) 0 | 0} 154 | 35-28 | 2612 38 91 | 50 | 1238) 58] 99 si chal Ane ee 
Fee een aie : ee hae at 45° 26’ N. 25°55’ W. 3120 metres. 
16° | 46/95 | 1433) 53] «55 | | 11.22 | | . 
oe ae 2 eo emia ene a iantam ||. o:|~ o.| 194 | 35-78) 2561 
27 91} 50| gs] -44 | 78 19 | 274! 150 ae 38| 15 15 || 91 50 | 13-41-78 | 26-94 
rae 33 366 200 53 | 
ee 89) 81) 89) 0. 9 |. 367] 2001) 288! 26)” 20 | 
12-80 
a1 41 | 183] 100 | 1755/70, 99 To> 53 | 457| 250| 832} o1| 25 Stat. 88 A. 18. July 1910. 
55 | 366] 200} 112!) 49) 97.08 6.87 | ao poe 
3 i | M23 | 549 | 300) ““g7| 3488) 36 | gh 7m 0 0 | 18-9 | 35-80 | 25:67 
8.0 
22 11 | 519} 300 34.98 -28 | 5:37 | Bea | pact | ol 10 
od | ON Neem iers ig 1 | 46| 95 | 1540]: Bh tonsa 
30 | 782) 400) °77) 92) 54 | 1 53 | or! soo) 483) o7| 72 7 | 69| 38 82 
4.72 | | | 17 50 | 88} 48| 1367; 81} -90 
52 | 914) 500 | 74 20 | 1372| 750} 321) o1] .77 | 19 21 | 91] 50 79 
| 413 | 30 | 183| 100| 1257! .73| 27.07 
Ce feria) p92), “79 1 25° 40} 1692, 995.) 238)" 20] 72 43 | 274 150 59 


30 * Table Il. Serial Observations at the Stations. (REP. OF THE “MICHAEL SARS* NORTH 
| 

LMT m f | t°C |S %o0 Ot LMT | m f ELE /S ®loo | ay LMT m | f t°C |S %/o0] oy 

| | 
ve ua) 263 Bee 4 | 
20 50 | 457 | 250 | 10-77) 35-41 27-16 | 17 50 | 3500 | 1914) “¢, | 34-965) 27-91 
21 52 | 563 | 308] -26| +41) -25 / Stat. 97. 4 August 1910. 
| 4000 | 2187 | 226 | | 
9 | 732] 400] 886) -22) .34 | 14 40 | 57! ) 56° 15’ N. 8° 28’ W. 139 metres. 
31 | 915} 500 | 7-14). -20) -58 117 55 | 4750 | 2597 2.27 | 915 ‘91 | 17h 51m 0 0 | 13-55 | 34-88 | 26-20 
22 17 | 1427| 780| 4-37| 34.97| -75 18 51 1 Saad / 
Stat. 92. 23. July 1910. d ” | 13-28% | 
Stat. Ls oa 19. ee ee 48° 99/ N. 13° 55’ W. 19 3 10 6 | 7 ) a +32 
20: oe eee 117m) 0! 6-0} 164 | 3557/2611 | 18 53 | 25] 14] 1185") 3516) 75 

11h 8m) 0 0 | 19-25 pede: ‘Sliere seen. | | l 9.37% 

12° 8) fh SSB Sb sB3 | 25:52. 4 gaz i o> ta 15 50| 28 “'3g 28 27-30 

11 39 | 457| 250] 1091) -44| 27-15 gs | 23] .13] 39] -54] -10 : : P 

| | 8-84* 

0 ae | ais] ao sos) sels | ae | S| olan] al Sr | @ | 8) at) 8a) a] 
19 | 1097 | | 7.0 68 1 |. 46°) S950). Dal) Spee oe | 8-60* a 

10 “31, | 14680) 800} 448] 01] 77 | a3) Ea tle og de eg | i113} 31 (27-17 29 | 100: ae Gi ae an 

| 
11 47 | 183] 100] 10.84; -49| -21 
| | 
Sid SES iap Aiea Leics 200 32) 45) 27 Stat. 98. 5. August 1910. 
45° 55'N. 22° 24’ W. 58 e457 | 2508) 9-15) 4248 0.991 2 30) 
56° 33’ N. 9° 30' W. 

4h 22m | 0 0 | 19-15) 35-87 | 25-665 4 | 949 | se) 9-84 Pe " 01428 oR oor 
7 | 46| 25) 1446! -77 2670 | 15 55 | 640} 350} 46) 39) 37 eye aut eee 
160k 91 50 | 13:03| -74| -98 112 15 | 7321} 400 -O8 43-43 110 39 | 25°| > 144 03 | -29 -63 
24 | 183) 100 | 12-22} 61/2704 | 16 15 | 823) 450! 861; -45| -56 | 10-88%. 

35 | 366| 200! 11-05] 48) -16 | 14 30 | 914! 500] -46| -53| -64 17 | 50} 28 | 15" 87 27-10 
49 | 549| 300/ 10.20 -42| -27 | 12 39 | 1006| 550| 7-13| -34| -69 | 9.86% 

5 6 | 732| 400 9.16| 15 33] . | , | 08} 32) 68 pee Ma en) Oe 
51‘| 823 | 450) 825) -35] -5t 5 | 1097 | 600} 693) -35| -73 | 9-407). : 
30 | 914) 500° | .26 13 3 “1189 | 650 | 5:98] 22] -75 a ade 42 at ats 

6 12 | 1006) 550| 6511 91! .67 34 | 1518| 830| 4.04] 34.971 .78 45 | 400 | 219 a2) .34| 37 

Stat. 90. 21 July 1910. Stat. 93. 25, July 1910. 8 13 | 500| 273} 206" 33] 39 
46° 58/N. 19° 6’ W. 50° 3’ N. 11°23’ W. 1257 metres, | oe 
9 26 600 328) “g,) -33] 42 
10h 15m) 0 | 17-85) 35:61 25-79 | 16" 9m) 0 0 | 15-15 | 35-50) 26-34 | | st 

11 15 idan al hier Vi ieee ee carter vt S| 6 800 437 a .27| -48 

10 23 23:18 | 16-66} 61 26.08 oe ae SS 46 | 7.14# 

30 46 95 | 12-73 64 -96 116 49 23 e's 07 46) 33 8 40 | 1000 547 1 4 20} -58 
38 91 50 } 11:95! -61 | 27-09 42 37 | 20 | 14-39 46| -48 
47 | 183| 100| -40) -54| -14 35 16 25 12.09) -44| .93 
11 52 366 200 | 10.96 19 31 69 | 38 10.87 | .49| 27-20 Stat. 99. 6 August 1910. 
40 | 549) 300/} -51| -44 -23 | 18 46 91} 50} -77| -49) -22 57° 45’ N. 13°40’ W. 149 metres. 
23 732 400 | 9-98 41 30 54 | 183] 100 -42 | 42) -23 gh 44m | 0; O 112-45 | 35-24) 26-71 
3 | 914) 500} 890) -44) -50 | 19 4 | 366) 200| 26} | / | 11-99%! 
13 5 | 1097| 600) 7:98] .44| 64 17 | 457| 250| 13) 43] 29 aS 28 ea brea ae 
12 24 | 1463} 800] 519) 11-76 | 18 23 | 549 | 300/ 995 | 43] -32 a9. | 501 98 Looy 28 | 97.05 
8 | 732] 400} -21] -42| .43 | Lh 
Stat. 91. 22. July 1910. 17 50 | 914 | 500} 863) -47| -57 49 7a | 41 | Pa: cna eta 
47° 32'N 16° 38 W. 4922 metres. compet pee elie, Lo tg | t00 | ss 71: See 
11h 25m) 0 | 0 | 16-55) 35:51 | 26-03 hale | | ae 

12 45 Syl) ap le oe | 4 130} 71 ; | .29| .45 
1 | 23! 13/1533] 51] 31 ; Stat. 96. 27. July 1910. | | 49 
ye I BEG 20 | 14-56 | 50° 50’ N. 10°55’ W. +184 metres. 

10 | 46} 25|1269| 51} .86 | 13h 46m) 0! 0 | 15-1 | 35-22/26-14 Stat. 100. 6. August 1910. 

HN 31 | 91] 50/1105) -51]9718 ae ree) 22) 57° 48’ N. 12° 43’ W. 1530 metres. 

20 15 | | | 

20 15 | 549 300 [8-66] 36 [ -48] 40 9 5 -21 15h 48m | 0 0 | 13-2 | 35-27 | 26.58 

19 54 | 7382| 400| 864) .35| .47 BR) 2bae “33 23 ie ta / | 15 | / 

11 48 | 914) 500| 7.87 | 34 46 | 25 23 | tS a ) 

19 23 | 1097 600 5.96 30 | 91] 50 43 15 5 5 14)" 99 1% 3]. oe 

13 25 | 1463| 800| 4.34 Tid Roe Eu ey 6) 42 10-718, 

20 17 | 2000 1094 3.52| 20 | 178| 98 42 iT 34 50] 28) 72] “3127-08 


ATLANT. DEEP-SEA EXPED. 1910. VOL. 1.) 


LMT m f es OT SC 


Ot 
| ee 
17h 24m 100} 55 | ck 

12 | 200] 110} 90!" 35.32 27.38 
16 59 | 400} 219| ®45*) 98) 44 
44 | 590 | 322 | 818" 96] 47 
26 | 800) 4a7| “28°) 20) 33 
15 30 1000) 547. Sart a7] 63 
56 1185 | 648 | ah. 05), -70 
17 57 | 1400| 765| 4.49%, 01 76 
Stat. 101. 7. August 1910. 


57° 41’ N. 11°48’ W. 1853 metres. 


Ob 52m; 0} 0/134 | 

1 52 » |» [184 | 35-32/ 26.57 

Re 50 | 88/003") 35] 27.19 

Be iO) noa ee, | 33] 30 

oa, | 200) 110) 78") 34] 29 

39 | 400| 219) &73") 31| 42 

Petmcor seh f° fe | 27] 44 

0 37 | 1000| 547| 23") 20/ 61 

i 5 | 1400'| 765 | 483") .02| 76 

0 ©O | 1750 | 957 | 3.51 | 31-98! .81 

Stat. 103. 10. August 1910. 
60° 26’ N. 2°34’ W. 159 metres. 

12h 30m) 0} 0} 13-15 | 31-98| 26:30 
13-19# 

a7 | 10! 6 |'*)5)| 3508) 43 

Plessis dyes. |. 2 |\c'..73 

eee asl 

1} 5) 28) "e| 2) 2% 

Baie Tae ato 55 fe 28)” 34 
8.64" 

i 53 | 100} 55| 6%) 28) 41 
8.60" 

42 | 150| 82 50 29| 43 
Stat. 104. 10. August 1910. 
60° 35’ N. 3°20’ W. 234 metres. 
15h 47m) 0) 0/133 | 2521 | 2651 
MSIE eee | 26) . 78 
15 45°} a5 | to (PES). a7] 9 

38 | 50) 28) 86" 34) 27.26 


LMT m f t°C |S %oo Ot 
as eS ee “ a 
15 30 | 75| 41| %39"| 35.36| 27-34 
Qt | 100)» Sey) PSE" 34)" 9-35 
1D | sisor) eae] het a Bel 38 
| 9.09% | 
2 | 200 110 | 10; 34| 39 
Stat. 105. 10. August 1910. 
60° 45’ N. 3°50’ W. 670 metres. 
19h 45m) 0) 0 | 12-75 | 35-17| 26:59 
| .37#| 
SPSS as, es fag 28 
ss | | 
19-57 | Sooo | SEL 17) ante 
SB, W7Seh eal ulin ale Ae [books 
031100, per aestee 17) 39 
| | 
7.38% | 
18 16 | 200| 110} 18} 53 
ae 
2 413 Snob > spate ail cere 49 
ae | 
19 30 | 300] 164.| 78°! a7] 56 
19 | 400] 219 | 28" or 68 
7 | 500| 273| 772" 3490] 85 
18 52 | 600| 328 | 765") 89) 28.00 
ae 
33 | 650| 355] O17") 39/02 
Stat. 106. 10. and 11. August 1910. 


60° 54’ N. 4° 28’ W. 


Table Il. 


Serial Observations at the Stations. 


22h 42m) 0 | 
23 16 95 | 

7. seal 
22 55 15 

45 100 | 
1 20 | 200 | 

32 | 300 
0 8 | 400 

48 | 500 
23 30 | 600 
Tress | 700 
23 50 | 800 | 
1 50 1000 
0 28 | 1100 | 


1140 metres. 


0 | 13:05 | 35-00} 26-40 


14 


28 


41 


11-50%) | 

52 | 

5 | 
Pee 8 27-98 
Se) 88) 87 
isl ee 

| 
Were ie atl’ * 40 
Ber |e 20) 42 

x a | 
ee 
Fe tat sbTby’, 82 
AT) 05 || -76 
Noy | 3486}. 91 

| | 
Orig | 89 | 28.03 
| 063 | -90| -08 
Of | 90] 09 


Stat. 107. 11. August 1910. 
61° 4’N. 5°5’ W. 730 metres. 
4h 50m 0 0 | 12-0 35-28 | 26-82 


11.67! 
ag | bah “ia | SE ee Selecta 
5 0 | 50} 28|,296%) 95] 97.17 
10.00 | 
= 9.20* 
hee 75 Al eo. |O, OafaeBt 
8-71*| 
g | 100| s5| S70) 1} 34 
7:86"| 
6 52 | 200) 110} “R8"| 22] 48 
<y | OSS as 
41 | 300} 164| 83"! 16] 58 
5-41 | 
29 | 400) 219) 35] 08) 71 
15 | 500| 273) 187") 34.981 90 
5 58 | 600} 328 | O15") 89} 28.03 
| ee | 
40°)|'700;| aga) G22") sont) oos 
52 | 
Stat. 108. 11. August 1910. 


61° 13’ N. 5°47’ W. 249 metres. 


gh 37m) 0} 011-9 | 35-24) 2681 
(ara | 11-3744 
Ue j25)| 14 54 | .20| 86 
44 | 50] 28/1080") . 20] 27.03 
Wael) GSde 4th 22a) On 220 
24 | too)" 56] S80") 03} as 
eg Eo (eyo et ee 9 Ie 
9 32 | 190} 104] 7ES") 20} 47 
| i: 
55, | 200) 110) "12" 16) 54 
| 6.97*| | 
10 5 | 245 | 134) 89") 16) 57 
Stat. 109. 11. August 1910. 


61° 22’N. 6° 24’ W. 228 metres. 


13h 34m) «00 | 1085 | 35:17) 26-95 
pos | a 16 ee 
| 
loons 
18 $0; |*) 2B) SBS ie ates x27 
26°." 75 el) eae ae) ar 
| 8.98% 
a5}. R00 |, 55 [PSR By 37 
44 | 150 ia oro fel 28 
54 10 | 78") 14] 41 


200 ae 


ae Table II. Serial Observations at the Stations. [REP. OF THE “MICHAEL SARS” NORTH 
| 
LMT =m 7h) eae s O00 | ii? ALEEBNE | m f | 1°C. |S Yo]. gp Pf LMT | mi.| #2) 4G 8 Mealy 
maT Rad haf oer, =| tile Olean 
13h 50m| 0 | 0 | 12-75 | 35-22] 26.63 
Stat. 113. 12. August 1910. 14 50 = s 55 “1916s 
Stat. 110. 11. August 1910. 61° 16’ N. 3°50’ W. 1080 metres. Looe0 ” ” ‘65 22| 65 
61°39’N. 5°57’W. 170 metres. | 12h 45m) 0) 0 / 11-65 | 35-20] 26.83 ia 2 » | oo» = Es = 
| | & ” ” ° . - 
23h 36m | 0 0 | ee 35-15 | 26-90 11) Seger Bee 19| 27.05 | 18 50 : Ae 25 68 
5! 2! 14 "ee | -16| 27-00 00% 19 50 y > 21) -66 
Fie 56 | Tn es Mier ve tees ribet oe ie : 
9.48% eae om 
44 50 28 50 ‘17 19 | | 8.44% 21 +50 =! 2 65 22 65 
| Bh) re AL ee geek S| aye 
g2° 1-857) A7R eee ae 36 22 50 fe eels BB 221" 368 
> on | -40 | 16 43 100} 55] 8.35%] -19 39 | 23 50 ” » 55 -20 -65 
7-82 | 
23 | 100 | | 1 16! .44 / | 43 | 
: ad? age BT | Sogsierdto |. CAS" sip her save cen 
17 11 | 300} 164} Me] 09] 58 1 50 |, | yl ode 09) 89 
| 3.75* 2 50 9 ” 55 13 -60 
16 16 400} 219} 449 00} 81 a) 50 Ss > 65 -15| 59 
| | ; % = i 14 -58 
State iia. a2: August 1910. 30 | 500! 273 1-12] 34.83 .92 ; oR a re 59 
61° 32’N. 5°16’ W. 300 metres. 0.20% 5 ? 
3h 39m} 0] «0.1 11-75 | 35-19) 26.80 | 14 53 | GOO} 328) 47) OL) 26-04 143. ‘aug 
417} 10) 6 |e) 7) 8 ].17 27 | 800} 437 | O80") sol 07 | ton gam): a5 | 1 AO as ron 
} * .16* 
Tee OB: 18) PE. velo ea 8 22. | '50: 4) Ble aaa ae ees 
| Best Stat. 114. 12. and 13. August 1910. 55 [8.10%] . 
3 57 | 50) 28| “7F) 17) -32 | 61°8'N. 3°14’W. 1047 metres. 200 ae le pager sae atthe 
a8 | 95.| “au PLOY gat ap | 288 Are Ola e bee 35:17 | 26-67 a2°| | | ee Sie ecedl 
20 1. c254) Ale eee Reon ee 
B74) 100), aaah Ue h -< 6 a8 press 10 68 | » | » | 780" 4g) 45 
| betyeinte 30 bach ere as Wr a | 
25 | 150) 92] O38) 12] 54 | A 13 41 | 100 | 55 | 7-90" 35.34) [27-57] 
| } ay ha0o.] 554 LASS.” Jaga lag 
14 | 200°)" 0 | 725). 12|, 61 eo 16 18 |, | » | 8) 4g)” a 
m 53 -|8 200" |. iOulte= aly co-1 Gio 674 
Ohl 275 sea altel kD | 9 64 i 8 13 | » | » | 787 45] 46 
01 0 164 |e eninee: 7 «| / 
5 300 6 | 6 07 2 20 39 : - = 18) -49 
3-29 
124 || B50) PC ASI Oe read cits palit 7.67" | 
Stat. 112. 12. August 1910. | ae fala es DosR ken 
61°24’ N. 4°34'W. 560 metres. Be MOO at 04. teal a Once | 
: 7-744 
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a5 27) 29) 69), 974) 80) 25-6863) 97390) 24-3508 | o99) 13.49| 35.92| 27.04; 88! 96] 205-457 || -97283 | 194-000 
50) 14:87) 19) 94 4 151| 27-17; 51-3410) -97355 | 48-6939 300| 12.50 -74| -08 lr 57) 98.46 | 308.278 || -a7287 | 291-960 
75| 39] +10) 97} | -32| 77-0222) “97342 | 73-0310 | yoy 44.73; -60| 12 [+ 50} o7| attaw | seria | ceed 
100| 13-93 01 | 27-00) ° 46| 1027070) -97329 | 97-3649 | 599 33/56] 7) Sal 50:40 idard |b “cauat) eee 
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ATLANT. DEEP-SEA EXPED. 1910. VOL. 1] Table III. Conditions at Standard depths. 37% 
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0| 17-45) 36-39 | 26-49 wears 26-49 | 0.0000 | 0-97419 (0.0000 0) 17-4 | 36:39 | 26:50} _ 197 26:50 | 0.0000 || 0.97418 | 0-0000 
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50| 16:73| -31] -60 Ball -83| 51-3318) -97388 | 48-7027} 1000/61 | 36.08 70 32-31 | 1029-534 || 96882 | 971-383 
75| 15:80]  -25| 77 4301 | 27-11} 77-0062) 97361 | 73-0463 
100| -25] -19] -85 +108 | 31} 102-6865|) -97343 | 97-3843 2 bay pas 
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600! 10-83 54 26 4-105 | 30-04 617-034 97092 | 583-462 | 75| 15-28 ‘17 83 ine 430 27-17 77-0069 | “97356 | 73-0455 
700 58 61 35 4 -60| 720-066 97041 | 680-529 | 100) 14-63 12 93 171 “39 | 102-6890 | 97335 | 97-3818 
800 85|  -93 55 31-25| 823-159 96980 | 777-539 | 150) 13-75} 35-98 | 27-01 ‘70 | 154-066 || -97307 | 146-042 
Stat. 29. 9—10. May 1910. 35° 10’N. 7° 55’ W. 
0| 17-8 | 36-36 | 26-38 _ 9991 26:38 0.0000 || 0-97430 0-000] Stat. 32. 10. May 1910. 33°27'N. 8°32’W. 105 m. 
10 -92 36 35 re 96| 39 10-2639), -97428 9-7429} 0} 17-9 | 36-21 ical 99 26:24 (0-0000 0-97443 | 0.0000 
25| 95} -35]  -33 41793 | 44) 25-6601) --97424 24-3567 10) 80) +19} -25 te 594 -29 10-2627 97438 9.7440 
50 | 16-00 30 76 312 ‘99 51-3281 |) -97372 48-7062 sel 25 ‘15 35 4.2034 46 25-6583 97422 24-3585 
75 | 15-50 25 “84 4170] 27-18 77-0053 || “97354 73-0470} 50| 14-83) — .08 “86 653 27-09 51-3278 -97363 48.7065 
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200 | 13-38 | 35-86 | 27-00 4+ 68 ‘92| 205-451 | —-97286 | 194-696 
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ze iS ae Common. Metres Synanite meiies ; eabnay za 8 a eran en Mea | Dynamic Mca \ z "Wea 
AG ae ee aa ee a ae Pee ee 
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25|  -43| 33) 20) goq| 3! -25:6560) 9747 | 24-3609) 50) -22/ 79) 35 ie 58) 51-238, vant 48-7105 
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ATLANT. DEEP-SEA EXPED. 1910. VOL 1] 


Table III. 


s i), ay OD a p, Pressure 
3% a — m, Common Metres Dynamic Metres (Decibars) 
S§ — —— ———— = 

e<| &€ | > |S"), eeieee| £2 | S58 | S85 52 
Zs = an a a aa Ds Ea 

| \4- 587 || 

78 | 18-10) 36:69 26-56 + 189 | 26-90 76-9927, 0-97381 73-0590 
100. 17-80 | 65| 60 r 43|| 27:05 102-6671 97367 97-4025 
150 63 -62 62 +110 | 30 154-026 | = --97344 ——- 146-080 
200) — -20 ‘o| -67 191 | ‘57 205-398 97319 194-746 
300 14-65 -O1 84 | | | 28:20 308-187 || 97260 | 292-035 
400 | 13-05 | 35-77 | 27-00 i a ‘84 411.039) 97208 | 389-267 
500 | 12-03 -63 09 4. 96| 29-40 513-951 | ‘97151 | 486-443 
600 | 11-13 52 18 ia 199 | ‘96 616-920 | 97100 583-569 
700 10-31 48)  -29 ne 154|| 30-54 719-945 | -97047 680-642 
eeu 9.58;  -50 43 i 11 31-15 823-030 | +96989 | 777-660 
900 8-90 52 56 1. 86| 75 926-175 | -96935 | 874-622 
1000-16 46 -63 Pe 79) 32-30 | 1029-378 || 96884 971-531 
1200, 6-84 37 iN 41| 33-38 | 1235-946 |  -96786 | 1165-201 
1400 | 5-98 29 81 i 39 | B39 | 1442-723 -96694 1358-680 
1600| -27| -22) -84 if 95 | 35:37 | 1649-700 | -96606 | 1551-980 
1800 = 4-58 Biel) steht} 95 | 36:34 | 1856-872 | 96518 | 1745-104 
2000 3-88 06) 87) || 37-32 | 2064-239 , 96432 | 1938-053 

Stat. 49 C. 2. June 1910. 29°2’N. 25°30’ W. 

0 19-65 pe) 26-19 bee 26-19 0-000 | 0-97448 | 0-0009 
10) -60 72) -20 4 o 24 eal 7445 | 9.7445 
29 ays) 72 | 21 4997 “32 25-6564 97436 | 24-3604 
50, 30} -73| — -28] 51) 51-3168) = -97418 | 48-7171 
75| 1860) 75-48 wes 82| 76-9835 | -97388 | 73-0678 
100) 24) 75) -57| ral 27-02| 102-6566 |  -97370| 97-4125 
150) 17-92] 69} -60| 5p 28] 154014 | 97347 | 146-002 

200] 43) 56) 62/7 | -52| 20500 | evs) 194-759 
300| 15-61) 18, -76) oa 28:12 | 308-167 97268 | 292-055 
400 1388) 35-91 93 178 | 76 | 411-011 972009 | 389-294 
=) 12-25 ‘69 27-09 ie 137 || 29:39) 513-919 “97152 | 486-474 
600 10-99 54 -22 n 79|| 30-00 | 616-889 97096 | 583-598 
700 35 48 -28 \ WM | ‘53! 719-916 | 97048 | 680-669 
800 | 9.64 45 +38 1501 31-10} 822-997 | -96994 |. 777-690 
900} 878) 44) 52). | +72) 926-139 | -96938 | 874-656 
1000, -16 4764 gg) 2230 1029:310 | .geas4 | 971.567 
1200| 7-18 iii -78 ad 36 | 33-39 | 1235-910 | -96784 | 1165-235 
1400; 6-21 = 82 1 98 | 34:39 | 1442-689 | -96693 | 1358-712 
1600) 5:35 24) 84 | 35:36 1649-665 || — -96606 | 1552-010 
1800! 464| .16| -86{* 7”|| 36-34] 1856-806 || -s6s18 | 1745-134 
Stat. 50. 4. June 1910. 30°8'N. 31°19’ W. 

0) 20-4 | 36-81 | 26-05 26:05 ! (0-0000 0-97461 0.0000 
10} 40) -79) 04) Q 09) 10-2607) -97458| 99-7459 
25; -37) -78 O04 Re 697 15 25-6525 +87 152 24-3641 
50| 19:98} 87] -21| 44. 51-3099) —-97425 48-7237 
75| 18-56] 61] -38 ce 626) 72|  76aaa\| -s7a08| 73-0768 
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ga|4 
> 5 | 
Ser 9 
Sel «a 
eh ae 
5 
100) 18-16 
150) 17-84 
200) -50 
300) 15-80 
400| 14-66 
500| 13:00 
600) 11-77 
700) 10-82 
800} 9.93 
900) -20 
1000, 8.64 
1200| 7-57 
1400 6-40 
1600 5-34 
1800 4.58 
2000-00 
Stat. 51. 
0) 20-6 
10/57 
25; -49 
50, 19-38 
75 18-50 
109 ANT 
150) 17-60 
200! -04 
300) 15-90 | 
400, 14-70 
500) 13-38 
600, 11-99 
700, 10:78 
800 9.66 
900 8-56 
1000, 7.68 | 
1200, 6.59 
1400) 5-85 
1600, -24 
1800, 4.67 
2000: 10 
Stat. 53. 
O' 19-5 
10; 41 
95; 25 
50 17-85 
75° 00 


Conditions at Standard Depths. 


m, Common Metres 


a Qa Pate 
226 
36:55 | 26-44|° ~” 
135 

| .53| -50 
50} 56/° 128 
cee. he 139 

| .14] .69 
158 

0" —<83 

35-75| -99 
eSSo7eilt ee 
re tien ces 190) 
51] 22 ieee 
So) At 38 
2 eer og ae 
43| .57\+ 13 
16 | 72 pra 
5 7 2 
bee Fie a6 
SG) Woe pis oe 
4+ 26 

HEL §288 
12.98 

05}  -85 | 


a D, 
Dynamic Metres 
26-89 102-6806 
27-18 154-033 

-47 205-399 
28-06 | 308-175 

65) 411-011 
29-28, 513-908 

‘88 616-866 
30-46 719-884 
31-05 822-960 

‘64 926-095 
32-23 1029-288 
33-33 1235-844 
34:35 1442-612 
35-34 1649-581 
36:32 1856-748 
37-30 | 2064-110 


30* 
a p, Pressure 
(Decibars) 
ges | Sebes 
a, ete =H) ae 
0.97382 97-4240 
97355 | 146-108 
-97330 | 194.779 
97275 | 292-081 
-97220 | 389-329 
-97162 | 486-519 
97107 | 583-654 
97054 | 680-734 
-96999 | 777-760 
96945 | 874-732 
-96891 | 971-650 
-96791 1165-331 
-96698 | 1358-819 
-96609 | 1552-125 
96521 | 1745-254 
-96434 | 1938-208 


6. June 1910. 31°20'N. 34°56’ W. 3886 m. 


3661 25-85) 
60|  -85) | 
58} -85| 2 
57| 2614/7 o 
57 a6 
+ 309 
56| -44 
| + 122) 
-45|  -50| 
Ale ned 
‘ Oa 189 
14| 66 
L197 
35:94| 78 
41 441 
74| 91 
| ae | 
| .59| 27-07 
lt 159 
aa Opie 
41 a (oe 
| 35 48 | = 
athe 4-123 
Pee ies 
NS ey a 
lt 46 
oe aie 9 4 a 
pe 38 
19) -82| 
inet: 
pas onl 
09| 87]! 


9. June 1910. 35° 7’N. 32°30’ W. 


36-33 | 25-92 
217 
-27| -90 
22 9] 
; 1513 
.25 | 26-28 : 
!. 807 
-24 48 


25-85 0-0000 
90 10-2587 
96 25-6477 
26:37 51-3018 
70 76-9652 
89 = 102-6352 
27:18 153-987 
45 205-353 
28:03 308-127 
‘60 410-959 
|| 29-20 513-849 
|| -84. 616-801 
| 30-45| 719-816 
| 31-07 | 822-893 

‘68 926-031 

32-26 1029-228 

33-33 1235-788 

34:35 | 1442-557 

35:35 1649-528 

36:34 1856-697 | 

|| 37-32 | 2064-063. || 


25-92 0.0000 
94 10-2593 
26-02 25-6491 
‘5 51-3057 
82 76-9724 


0-97480 0-0000 
-97476 9-7478 
-97470 24-3687 
97431 48-7313 
-97400 73-0852 
-97382 97.4329 
97355 146-117 
-97331 194-789 
97277 292-093 
97225 | 389-344 
97168 486-540 
97110 583-679 
97055 680-761 
-96997 | 777-787 
96942 874-756 
96888 971-671 
96791 | 1165-350 
96697 1358-837 
-96608 1552-142 
96520 1745-269 
-96433 | 1938-222 


2865 m. 


0-97473 0.0000 
-97471 9.7472 
-97464 24-3673 
97418 48-7275 
-97389 73-0782 


40* Table Ill. Conditions at Standard Depths. [REP. OF THE "MICHAEL SARS” NORTH 
i e a D, a = p, Pressure | © a a — D} a = p, Pressure 
2% 2 m, Common Mctres Dynamic Metres (Decibars) Be a = m, Common Metres Dynamic Metres (Decibars) 
| aaeR oe ‘ > Sis ae ad i, a is 
ES) Ela |& |e? iés*) &8 | Soe /ksss=°| = |S |e | a as®| 2S | ae | seaa= 

| | 

| |4937 en | + 128 | 
100| 16-63! 36-20) 26-54 wane 26-99} 102-6451)| 0-97373 | 97-4233] 200} 14-65| 35-99) 26-83 | | 27-75 205-396 -97303 | 194-749 
150] 00] -14| .64{7 7?) 97.33] 154-003 || -s7ae2| 146102 | 300| 13-72] -84| 91 i a 28-29, 308-198 | -97253 | 292-027 
200| 15:30! 05) -73 aa 65 205-382 | -97312| 194-765 400) 1282] -72| 27-01| | ios 84 411-054 | -97201 | 389-254 

300 13-70 35-:79| -88 its 28-26 | 308-177 -97256 | 292-049 = 02} -64) = -10 id 104 29.40 513-967 97150 | 486-429 
400| 12:73; -67 -98 | | 121| -82| 411-032 || -97204 | 389-279 | 600) 11-20 ‘56| -19 103 | -97 616-936 97099 | 583-553 
500] 11.65] 54) 27-09) ) 51) 2940) 5130 | s7ist | 486-55 700| 10-40) .49| .28|' | 30.53| 719-961 | -s7048 | 680-625 
600} 10-43} -43)  -23 care, | 30-02) 616-914 | -97094 | 583-578 Stat 5B 17d 1910. 38°30" N. 28°37" W. 295 
700} 9-65 37 132 te all = 719-944 -97043 | 680-647 at. , ; Ta : * . m. 
800 00 36 .42 z ell 31-15| 823-031 | 96990 | 777-663 0| 18-9 | 36-26) 26-03 +1299] 26-08 | 0-0000,| 0.97463 | 0-0000 
SOON B10), 38) -58 “it -79| 926-178 96931 | 874-623 | 10} -30} -22) -15 ies -20 | ea “97447 9.7455 
1000} 7-50 .39 .67 i ‘al 32.35 1029-386 | -96880 971-598 | 20| 17-60 19 30 4546 | 41 | 25-6557 || --97427 24-3611 
1200 | 685) 36/74] 44 3337) 1235-058 | sere? | 1165104 | 50) 1698) 17) 431 ag] Oo] Shae) aay ene 

1400; 5-90] -24] -78 ie al 34-36 | 1442-730 | -96698 | 1358-679 | 72} 18] -13) 59 bes aay 93 | 76-9892) -97379 | 73-0626 
1600| 4:50] -08| -82 | 35:38 | 1640-707 || seen | 1551-0 | 100) 15-80). 209), GB ay eet) 0Rsee | See 

150) 40) 01] 70/, | 39) 154.027 | 97336 | 146-080 
Stat. 57. 11. June 1910. Ca. 37°7'N. 29°41". | 200] 1468) 3594, 78/717) 70) 205-05 | ram | 19870 
0| 18-85 | 36-25 | 26.03 rs 184 26:03 0.0000 || 0-97463 0-0000 St 90 J 1910. 37°9'N. 38°5’ 

10) ° 75), 24)" -05 a aa 09) 10-2606, -97457 9-7460 at. 60. fas ; : 5 Ls 
Del LO eelSi| 17 ee 28| 25-6534||  -97440| 24-3632 | 19-8 36-25 | 25-79 a 136 | 25-79 0-000 || 0-97486 | 0-000 
50] 16-25) +13] -57 + 487| -80| 51-3170, -97391 48-7169 | 70) -23) -79 +167) °85 10-2582, -97482 . 9-7484 
75| 15:63} -10| -69 an 27-03} 76-9900) -97369 | 73-0618 25| .-55| — -21 82 ie 79|| 93 25-6466) “97473 24-3700 
100} -35| .08) +74 4 is 20 102-6679 | .97354| 97-4029| 90] -45] +20) -84 +9903 26:07} 51-2966 besa! 48-7365 
150! -05| .05} -79 he Soi -48| 154-035 | 97328 | 146.072 | 72! 16.25) +11) 26.57 4210 ‘91 Choc 97381 | 73-0915 

200) 14-70 -00 By hh ‘6 .75| 205-416 || -97303 | 194-730 100, -08 cd ‘61 4 80 27-07 102-6231, -97366 97-4348 
300| 13:77] 35-86 92 ER tae 28:30! 308-218 || -97252 | 292.007 | 108) 15-83 10; -65 we 1101 34| 153-984 || 97341 | 146-111 
400| 12:77] -72} 27-01 a el 85| 411-076 .97201 | 389-233 5 290} 40 il -70 +4119 62 | 205-358 || -97315 194-775 
500] 11-83 59] -10/7 3] || 20-41 | 513s || -s7is0 | 486-409 | 900] 1427) 3586) 81) | 1] 2618) 306-148 | ares | 292-064 
600; 08} 50) .a7/~ SH 95) 61608 rin | 58304 | 400) 1318/7093) 4) 76) 41005 | ore 389.00 
700! 1042) -45| -25 eed 30:50| 719.00 | -s7osi| 68060 | 500, 11:55| 46) 27-05] 7, 2986) S130 | srist) 486-81 
800; 982] -46| 36 fe 4g|| 31:07] 823050 || -s0007 | 777-623 | 600} 1002) 30/20) | 98) 616-869 ‘97096 | 583-606 
900! .23! 51/50 Val 69| 926.107 | -s60n| 87don | 700) 865} -19/ 34/7 | 3061) 719.00 | 97040 | 680.674 
1000) 873) 53) -59) 7 os | 32-24| 1029-394 | 96889 | 971-516 | 800) 7-50) +16) -49 4144 31-25 | 822-993 || 96981 | 777-684 
1200| 7-65} -45} -70]' 52 | 33-30 | 1235-949 | —-96793. | 1165-198 | 6-60) 16) -62 4 76| 86} 926-149 | -96924 874-636 
1400} 6:28} .28 15) ag | 2F32| M4212 || sso | 1358001 [1000] 07) 15] 6B) 1] S240) 1028202 | sse75 |) S7i-aap 
1600; 5:03) +14) — -80 ei | 35-34! 1649-679 .96609 | 1552-000 {1200} 5:10) -07| -74 4 33 33-43 | 1235-945 | 96782 1165-192 
1800 4.03) 04) 83 | 36-85) 185¢-29 || s6518 | 1745127 1400) #40) 02) 78) AR) alee | ee 

: 1600| 3-98 -00 81 4 10 35-39 | 1649-711 || eee 1551-960 
ms aD, cate 1800} 70} 3497) 82/7 | 36:35| 1856-885 | -on518 1745081 
at. 58. 12. June 1910. 37°37’ N. 29°25’ W. 948 m. fo999| 59 95} 82 at | 37-29 | 2064-249 |) -96434 | 1938-032 
0} 19-2 | 36:18 | 25-89 ie 109 | 25:89 | 0.0000) 0-97476 0-0000 
10 sal 18 90 364 ‘95 10-2592) -97471 9.7473 Stat. 63. 22. June 1910. 36°5’N. 43°58’ W. 
25 18-95 | 18 | 95 410 26:06} — 25-6493 -97461 24-3671 0| 22-2 | 36-45] 25-29 +1738 || 25-29 0-0000 |! 0-97533 0.0000 
50 17-55 18 | 26-30 me 53) 51-3067 97416 | 48-7266 10 | 21-50) 42} -45 Z Al 50 | 10-2540) -97524 9:7528 
75| 16-40) -17 Ag | ‘91! 76.9749) -97381 | 73-0761 25| 19.20] -34} 26-01 ae 26-12} 25-6411 97455 | —-24-3762 
100 15:89 | 15| 67 te 198 | 27:13, 102-6504 -97360 | 97-4187 a 18-16 .37| 30 4. 657 ‘53| 51-2992], -97416 | 48-7350 
150 -20 OF fa ie tery Al hy | +46) 154-015 | -97330 | 146-091 75 | 17-50 37 46 | 80 76-9659 -97391 | 73-0858 


ATLANT. DEEP-SEA EXPED. 1910. VOL. 1] 
TEESE 


Numerical Value of 
Argument g 


100 
150 

200 
300 
400 
500. 
600. 


800 

900 | 
1000 
1200 | 
1400 | 
1600. 
1800. 
2000. 


Table Ill. 


a — m, Common Metres ie pies | , Pe 
E|e° |g |an-jas®) sg | 82 |a8a a2 
| 

17-33 | 36:34| 26-48 in ip 26-93 102-6377) 0.97378 97-4318 

16:96} — -30 54 i. ai 27-23 153-992 -97352 | 146-114 

60 | £25) -58 ‘t 75 | 49} 205:360 -97328 | 194-784 

15-95 ‘14 65 ns 100 I 28:02 308-136 -97278 | 292-087 

14-70 35:89 | “bat eel ‘56 | 410-965 | 97228 389-340 

13-13 64) 88 4.205 29:17) 513-851 |) 97171 | 486-539 

11-20, -39) 27-06 | 1998 84) 616.802) 97111 | 583-680 

8-90-13 -26 | L961 | 30-53} 719-821 ! 97048 680-759 
7-30 12 sai 296 | 31-25} 822-910 |  -96981 | 777-773 
6-05-16 -69 4.953 | ‘94; 926-070 | 96917 874-722 
5-65 | 15 ‘74 4 4! 32-47 | 1029-290 | “06588 | 971-614 
-03 -06 74 a 19| 33-43 | 1235-880 |) “96782 | 1165-264 
4-42) 34-99 -76 aE 99| 34-39 | 1442-663 | -96694 | 1358-740 
3-83 95 78 in 16 | 35:36 | 1649-638 -96606 | 1552-039 
‘57 94 -80 | 36-34 | 1856-808 -96519 | 1745-163 
42} -94) -82! 37-29 | 2064-171 96433 | 1938-115 
Stat. 64. 24. June 1910. 34°48’ N. 47°52’ W. 
22-8 | 36-58| 25-21 +143 6 25-21 | 0-000 || 0-97541 lar 0-0000 
30 58 35 + 965 | 40 10-2531 +9753 | 9.7532 

21-63 08 53) 1 963 | 64 25-6359 -97500 24-3799 

19-60 560 | 26-03 47910 26-26 51-2846 -97442 48-7476 

18-22 43 33 1 909| 67 76-9462 97403 | 73-1031 

17-90} -39] .38 aL sat -83| 102-6150|} -97388 | 97-4519 

4 35 44 17 27:13} 153-964 -97361 | 146-139 
34| 33] -47 a | 38) 205-317 97338 | 194-814 

16-85] -26| -53 te al -89| 308-081 || -97290 | 292-128 

15-75 10 -67 +210! 28-49} 410-900 -97235 | 389-390 
| 13-72} 35-77 86 ve 118 || 29-15} 513-782 97174 | 486-594 

12-35 54 96 iy 72| ‘73| 616-726 97121 | 583-742 

10-86 37 | 27-11 4915) 30:36} 719-731 97065 | 680-834 

9-14] © -23 29), aaa 31.03 822-800 || -97002 | 777-868 
7-42 ‘14 A8 137 ‘69 |} 925-936 i} :96939 | 874-838 
6-27; -08| -60 + 67| 32-31 | 1029-137 || -96883 | 971-749 
5:10] 02] -70| = mall 33-39 1235-707 || 96786 | 1165-417 
4.42 | 34-99 75 4 26 34-38 | 1442-484 | “96695 | 1358-898 
3:92) -96| -78 4 4 3 35:36 | 1649-459 96606 1552-198 
‘71 “95 | -80 ca 0| 36-33 | 1856-628 || -96520 1745-324 
60| -95| -81| || 37-28 | 2063-989 .96435 | 1938-279 

Stat. 65. 25 June 1910. 37°12'N. 48° 30’ W. 

21-8 | 36-37 | 25-35 | | 25-35 | 0.0000 |, 097528 | 0.0000 
| a 37 | 45 | Be 50| 10-2543, 97514] 97521 
2075, 36) 62 Se .73| 25.6385) -97492 | 24-3775 

19.90 34 | a0 26-05 51-2857 | 97462 48-7467 

17-42| -32| 26-44) | +78 76-9462 -97392 | 73-1034 


Conditions at Standard Depths. 


41* 


fie ey, Soman pistes peaks pre i CR eels 
FE —— == Patel ee 
mie h Sy bes > 2 2x 25 OLS | 0,05 =m 
3 e be ja a |eS>| EA | we | A2ad= 
+- 236 
100) 17-12) 36-30) 26.50 | re 94| 26:96 | 102-6180) 0-97376 97-4494 
150) 16-84 27 | ‘54 + 64 27-23 | 158-973 97352, 146-131 
200; 62; 24) 57) 56 48) 205-341 97329 | 194-801 
300} -18} -17| -62 i ga 99} 308-114 -97282 | 292-107 
400| 15-60! 07)  -68 ts a 28-50| 410-939 97234 | 389-364 
500| 14-63} 35:89  -76 Seal 29.04} 513-816 | -97184 | 486-573 
600) 13-08 63 | 88 Ly 136 66) 616-752 97129 583-730 
700) 11-34 40 27-04 +906 30-28 | 719-749 “97072 | 680-830 
800, 9-63 24 | 22 +910 95} 822-811 ‘97009 | 777-870 
900) 7:87; -11| -40 4 ae 31-62| 925-939 96947 | 874-848 
1000) 6-45)  -05 | ‘55 +101] 32:26 | 1029-133 -96888 | 971-765 
ei 4-88 | 34-99) — -70 4 32| 33-39 | 1235-698 ae 1165-438 
1400} -39; -97| -74 4 29] 34-38 | 1442-475 |} *96695 | 1358-919 
1600] 13} 97] -77/ || 95:35) 1649-48 | 96808 | 1552-201 
1800) 3-88 ‘96, -79 4 16 | 36-31 | 1856-624 } -96522 | 1745-350 
2000} = -65 95-80 | 37-26 | 2063-982 || 96436 | 1938-308 
Stat. 66. 26—27. June 1910. 39°30'N. 49° 42’ W. 
0} 19-85 | 34-57 | 24-50 +3160 24-50 0-0000 || 0.97609 ()-0000 
jH0)| . sdaavil « aXeVe) 81 oe 85 10-2468 97575 | 9:7592 
25} 18-50 | 35-27 | 25-37 43774 25-48 25-6243 | 97516 24-3910 
50] 12-80 | 34-82} 26-31 444545) 26-54 51-2746 97415 48-7573 
75| 10-70} .-80} -69 ery 27-04 76-9445 | 97397 | 73-1086 
100} 9-95] -81 83 4.353 | 31 102-6239 97344 «97-4512 
150) -05 84) 27-00 i 196| ‘71| 153-999 | 97306 146-114 
200) 8-55 86 10 yr| 28-04} 205-393 97276 =: 194-759 
300) 7:73 88 23 ie 184 -64| 308-227 97219 | 292-007 
400; 6-62 -90 41 159 | 29-30} 411-125 | 97158 389-195 
500) 5-72 -93 55 Or Ties | .92| 514-086 || -97101 | 486-324 
600) -15 94 -63 th 70 30-49) 617-107 | -97049 | 583-399 
700) 4-75 96 70 ta 9 31-03} 720-183 | 97000 680-424 
800) -52 -97 73 ip 98 55| 823-312 -96953 | 777-400 
900; 38 98 ‘75 Ns 94 32-03} 926-491 || -96908 874-331 
1000} —--27 -99 77 ay -52| 1029-719 || 96863» 971-216 
1200' ~—-00 -98 79 [ie 6 33-50 | 1236-322 -96775 1164-853 
1400} 3-70 ‘94 ‘79 r 3 34-45 | 1443-117 96688 1358-316 
1600) 60 O4 80 2 9 35:39 | 1650-101 -96603 1551-607 
1800) — -50 94) -81) 36:35 | 1857-276 96518 1744-728 
Stat. 67 & 67 A. 27. June 1910. 40°15'N. 50°37’ W. 
0} 20-6 | 36-03) 25-40 | L115 25:40 0.0000 |) 0.97523 0.0000 
10 70 O08 Al ee 114 45 10-2543 97518 | 9.7520 
25 | -78 13 43 ls 631 ‘54 25-6367 -97510 24-3791 
50 -68 30 “49 | 559 72 51-2775 97493 48-7544 
75 40} -38] 72 ie 706 26:06 76-9247 “97460 73-1235 
100; 19:77) = 39 90 35 102-5799 97433 97-4851 


49* Table III. Conditions at Standard Depths. [REP. OF THE “MICHAEL SARS” NORTH 
ee peta Ramren ce Dynamic Metres . Wainy = 2p Poe ee Dynan Mees e re ee 
Se STs hea > e ¢ EP) Ze S) Re > pee | Ke ee oad |Bewee 
eee doa en I pas aA | Ge. 88aa=|2s/ 2 | a |A | alas "| Ss | ase | cea 
_ 898 : | | | Frege | bane by 
150) 17-42 36:19) 26:34) 27-03 153-914 | 0-97371| 146-186 | 900) 4-18} 34-92 27- 2. 9 32:09 926-428 | 0-96910 | 874-385 
200 | 16-85 15 -46 |" a -87 | 205-274 -97339 194-863 ] 1000) -02 92 ‘74 i ks 50) 1029-653 -96865 | 971-272 
300 | 15-93 | 08 ‘61 ee 97 | 308-041 -97283 | 292-174 | 1200) 3-67 -92 78) 13 33-50 | 1236-253 “96775 | 1164-912 
400 14:70| 35:90 -75 cide, 28-57) 410-868-9728 389-429 | 1400-50) 92-79) 34-46 | 1443-049 96688 | 1358-375 
500 12:60; 61 96 iy. aie 29-26 513-760 97163 486-624 [1600 = -42 91 79 i 35-39 | 1650-034 -96603 | 1551-665 
600 9-85 -31 | 27-24 f 533 30-03 616-725 97093 | 583-752 }1800 ~—-34 90 79 36-33 1857-207 -96519 | 1744-787 
700 10 4 Mies -73| 719-763 --97038 680-817 
800 fp OO} 7) gz SH38) Seermee || son) 77828) Stat. (70, 80) Jue 910s et aes Diet ds We ee 
a | | 34-97 -66 4. 66 -93| 926-032 -96918 | 874-775 al ate get Gaennee eo ee Abe 
1000 | 95 71 32-46 | 1029-252 -96869 | 971-668 | + 375] 
q 10! -75 -64 83 14098 88 10-2483 97572 | 9.7577 
. 68. 28. June 1910. 39°20’ N. 50°50’ W 25 9:10) 83 25-42) | 49.7) 25:53| 25-6264 | -o7s11 | 24-3880 
O| 21-5 | 36:26 | 25-33) 25-33 0-0000 |) 0.97529 ().0000 50, 2.95 33-41 26-65 aa 26-89| 51-2818) -97382| 48-7504 
10, : -26 34 os 190 38 10-2536 97524 9.7527] 75 6-85) 34-30 9] ley 387. 27-26 76-9588 -97347 73-0914 
25 -26 37 let 746 -48 25-6351 -97516 24-3807 oh 7-97 ‘63 27-01 ee 981 -49) 102-6432 -97326 97-4255 
50 27 56 “1507 -79 51-2760 97486 = 48-7559] 150) 8-18 85 15 lu 5 59 86 | 154-027 -97292 | 146-080 
75 | 36) -93 aie 26-27 76-9267 -97440 73-1217} 200, 7-54 89 27 lee 903 28-21 | 205-429 -97260 | 194-718 
100 “AI | 26-22 | ree ‘67102-5885 -97403 97-4770] 300, 6-25 91 47 Geay 89) 308-284 97196 | 291-946 
150 41) 34) a 27-02| 153931 | 97371 146-170 | 400, 5-20) 91) 60) a 29-51} 411-204 -97139 | 389-113 
200 | 39| 39 Le 30 | 205-289 97346 | 194-849 | 500 4-34 -90 -69 by 42 30-08 | 514-183 -97087 | 486-226 
300 | -32 47 Ae 83 308-045 -97296 | 292-170 | 600| -00 -90' -73 ie = 60 | 617-218 -97039 | 583-289 
400 | 25 55 1445 28-36) 410-855 97248 | 389-441 | 700) 3-82 -90 seed Whe 12! 31-09 | 720-302 -96994 | 680-305 
ad 04) 65 |. 939 92) 513-719 -97196 | 486-663 800. 73 -90 76 || ‘09 | 823-437 96949 | 777-276 
600. 35-62 | -86 be nda 29-62, 616-647 -97132 | 583-826 | 900 — -70 90 76 ie 32:06 | 926-620 96906 | 874-203 
700) 34) 27-07} © 966 30-31} 719-644 97069 | 680-926 |} 1000 —_-70 90 76 -53 | 1029-849 -96862 | 971-087 
800 -16 | 30 (ie 256 31-04 | 822-711 97001 | 777-961 
a 04) 52/1, 75) 925851 soos) 874928 Stat 70.A, 30. June 1910. Ca. 42°55'N. 51°18’ W. 
1000 | 34-96 | 63 ee 82-36 | 1029-057 -96878 | 971-833 eee . 
1200 450] 95) 71] 33-41| 1235-635 | -96784| 1165-495 esis (iccetal fae ety | geet ol O-oom 
1400/ -27| 35.01| -79{* 77) 34.43] 1442-419 | 96600 | 1358069 | 10) 11-70} 43) 68/1 4. | --73) 10-2464 al Bi 
25| 9-30 -58 25-20 45591 25-31 25-6218 97532 | 24-3934 
. 69. 29. June 1910. 41°39’N. 51°4’ W. 50} 4-25 33-48 26-57 +1045. 26-81) 51-2734 “97390 | 48-7585 
0 35-40 / 25-80 tt 182 25-80 | 0-0000 097485 (-0000 a ae ae is 4+ 562 se | pron bel We 
10, 36-78) 4, | 82} 10-2581 -s7as2 9.7484 el * ; a saat 311 oe Bak pee es) 
és i eet ties peeeind crie | Meibiba Ramana | oe ue 3: Gs ber) oa oe 
50 | 36-03 | 26-48 | | 44) 26-71) Si-ao4a) 97300 48-7288 a ag OTP ake 0 leer “Te 
75 iti] ‘57 195 91 76-9747 -97381 73-0762 
100 | 78} -63 1959 27-09 | 102-6498 -97364 97-4192 Stat..71. 30. June 1910. 43°18’N. 51°17'W. 
150 | 56] 74 tae -44| 154.013 97332 | 146-093 
200 | 45)  -84 va 999 ‘76 | 205-393 97301: 194-751 0} 12-2 | 32-61, 24-71 + 1985 24-71 0-0000 097589 0-0000 
cy -35 | 27-06 943 28-45 308-204 -97238 | 292-021 | 10) 11-93)  -71 84 43979 -89 10-2480 -79571 9-7580 
400 | 09 28 4943 29-15) 411-085 -97173 | 389-226 25 | 10-40 ‘99 | 25-34 ante 25-45 25-6256,  -97518 24-3897 
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900 50 52 -62 4 91 82} 926-436 -96928 | 874-379 | 800) -18| -27| -48 4 59 31-22| 823-359 || -96983 | 777-346 
1600) 7-20 35 69 8 || 32-37 | 1029-646 l -96877 | 971-282 | YOO 7-70 | oi 02 +7 | 74! 926-507 } -96936 | 874-305 
1200} 5-75) -19 -75 43 33-41 | 1236-224 || -96784 | 1164-942 | 1000 -l14| -20| -58 || 32-27 | 1029-708 || 96887 | 971-216 
1400| 4-30) 34-99 77 34-41 | 1443-006 || — -96692 | 1358-418 
Stat. 99. 6 August 1910. 57°45’N. 13°40’ W. 149 m. 
Stat. 93. 25. July 1910. 50°3’N. 11°23’W. 1257 m.| 0) 12-45) 35-24| 26-71 Li spp 2]. Oe Sarees 
0} 15:1 | 35:46] 26-32 art || 26-32 0-0000 || 0-97435 0-oo00} 10 -34 -26 74 L ao 72 10-2675 -97391 9.7394 
10} 10) 46)" -32 L77 ‘37| 10-2635) -97430 9:74383 25 | 00] «27 |) +827 958 | 93} 25-6704) 97378 | 24-3470 
95) -05| -46| -33 4.9784 -44| 25-6596]) -97424| 24-3573 50 | 10:77} -28| 27-05 14.1354] 27-29; 51-3482, -97345 | 48-6873 
50 | 11-60 -44\ 27-02 4750 27-28 51-3311 -97346 48-7034 a 8-76 27 -39 +193 | 74! 77-0361, 97302 73-0180 
75 | 10-85 50 -21 th 20/| -56 77-0167|| — -97319 73-0364 | 100 56) -29 43 90) 102-7317 97287 | 97-3416 
100 74 48] -22 mae | ‘69 | 102-7074 -97307 97-3646 eee: Pet i 
150 54 44 22 .92 154-098 -97285 146-013 Stat. 100. 6. August 1910. 57° 48’N. 12 43’ W. 1530 m. 
200/ .38| 42} 23)" 7/1 28.16{ 205-500 || -o7263 | 194-650 | 0| 13-2 | 35-27) 2658 yo!) 2538] Ocmoo)) O-o7a11 | O-o0m 
BOO) Oty eal) -24 ¥ ti | -64| 308-340 97221 | 291.801 | 10 40 -30|  -62 Ne a -67| 10-2663) -97402 9.7407 
400 24 43 26 a as 99.12] 411-298 97176 | 389-090 | 20 12-88 | +35 70) | 1545 81 25-6674 -97389 24-3499 
500} 05] -44] -30 er 62| 514-165 97130 | 486-242 | 50] 10-71) -31) 27-08 618 27-32} 51-3441|) 97342 | 48-6913 
600} 9-79} -43|  -34 4 65 30:13| 617-153 || -97084 | 583-349 | 75 9-84 | 31) +24 |. 208 59| 77-0305) -97316 | 73-0235 
700} -36] -41/ -40 4 90 66| 720-193 || -97035 | 680-408 | 100) 54) 31) -29 4192 -76| 102-7275) -97301 | 97-3506 
800 | 00 44 -48 4 80 31-21 | 823.987 | .96985 | 777-418 | 100 el +32 POU 2 28:06 | 154-118 -97273 | 145-994 
900| 868) 47) -56 17 4| 76] 926-436 | 96034 | 874-377 200) 02) -32| 38 le 43 -32| 205:527 || -97249 | 194-625 
1000)  .27) -47| -62 4 86 32-28 | 1029-638 || 96885 | 971-287 | 300 eo 30) 42 4 93 -82| 308-385 || -97202 | 291-850 
1200| 6-30| -26| -74 33-38 | 1236-205 ||  -96786 | 1164-958 | 400} -46| -28) +44) 4 16 29-31] 411-201 || — -97157 | 389-030 
500 33 27 45 ‘79| 514-246 97113 | 486-165 
Stat. 97. 4 August 1910. 56°15’N. 8°28’W. 139 m.} 600] -15| -.26| 47 a 30-28 | 617-250 97069 | 583-256 
0| 13:55 | 34-88 | 26-20 441120 26-20 0-0000 || 0-97447 0-0000 | 700) 7-85 -24 50 ie a5 78} 720-304 -97024 | 680-302 
10 -27 95 32 4.9931 37 2Eus -97430 9.7439 | 800 48 -20 eek 56 31-29| 823-407 -96977 | 777-302 
25) 11-88} 35-16 ‘75 .9172| 86 25-6621 -97384 | 24.3549 | 900 05 18 aaa 76 80} 926-562 -96929 | 874-255 
50| 9-37 -28 | 27-30 4.258 27-54 | 51-3422 -97321 | 48-6930 J1000! 6-53 17 63 ly 55 32-33 | 1029-769 -96880 | 971-159 
75| 8-84 25, 36 ere 71 77-0329 || 97305 | 73-0212 11200} 5-17 04 ‘71 4 40 33-39 | 1236-342 -96786 | 1164-825 
100 60 -20 36 | -83} 102-7272|) 97294} 97-3460 |1400| 4-49 O01 76 34-39 | 1443-121 -96694 | 1358-304 
Stat. 98. 5. August 1910. 56° 33’N. 9° 30’ W. Stat. 101. 7. August 1910. 57° 41’N. 11°48’ W. 1853 m. 
0| 14.35] 35-23 | 26-31 || 26:31 0.0000 || 0-97436 (0.0000 0| 13-4 | 35-32 | 26.57 26:57 0-0000 || 0.97412 0.0000 
10 ral 24 | L sie ! 42, 10-2637 97426 9.7431] 10 A) 88 63 ese | 68 10-2663 97401 9-7407 
25 | 13-02 29 63 pee -74 25,662 | 97396 24-3547} 25} 12-05 34 86 i: 07 25-6687 97374 24-3487 
50} 10-89} -37| 27-10 || 27-34 51.3385 || -97340 48-6967] 50} 10-35 30 | 27-19 27-43 51-3487 -97331 48-6868 
75 25 | 35 -20 r | ‘5 77-0246 | seat 73-0291 | 75 il “34 27 cee ‘62 77-0369 “97314 73-0174 


ATLANT. DEEP-SEA EXPED. 1910. VOL 1.] Table III. Conditions at Standard Depths. 47* 
tee | — 0} | a =p, Pressure|> | = = 
a een ie Saiaiad | “Dynamic Mere | (Decibars) =. | coma Senin Mei Dela ie : ee 
== 9 > | von 4a. ee = 3 e | i Ae > -. Ses tek = ae 
= ie i ee a aa ate es aes )a24 &* | 3 (ie |e a a las?) ga SSF | 285 a= 
| | T er i 
100] 9.53 35:33 27.30 /" es 27-77 1027204) 0-97300| 97-3481] 400) 5:59) 35:07 27-68 || TIS} 99.58) 411.a18 | Orisa | 388-082 
150 27 -33|  -35 4 74 28:06 154-125 97273 | 145-987 | 500 | 2-77 34-90 85 f aa 30-26 | 514-310 7070 | 486-083 
200} -10}  -34] 39]. x 83 205-535 | -97248 | 194-618 | 600| 0-63 | -89 | 28.00 | ' | .93| 617-369 97008 | 583-122 
300| 890) 33) Al 4 15 “St, 30802 | 972053 | 291-843 hat ae 
400] -73| 31] 42|t 29.29 411207 | -s7is9 | 389.024 Stat. 106. 10. and eee eke 60° 54’ N. 4° 28’ W. 
500} 58} -29) 43 be a ‘77| 514-250 || -97115 | 486-160 mIeIreS. 
600} 43) .27| 44/5 30.25) 617251 | snore | 583251 | 0) 1305) 3500) 2640) |, Hoy ibe abe scares) cd 
700 20 26 46 + ‘ 73.| 720-300 .97098 | 680-203 oF 12:82;  -02 46 9914 | 5) 10-2646 “S7al7 | 9.7423 
800! 7-88 25 51 ae 31:26 | 823-400 -96979 | 777-307 25 nid 19 ‘79 1961 -90 25-6652 | Piel 24-3521 
900 45 -23 ‘55 + Be ‘77| 926-552 -96932 | 874.262 50 acd “31 | 27-28 4380 27-52, 51-3455 -97323 | 48-6900 
1000) 6-92 20 | 61 1 = 32.30! 1029-756 .96883 | 971-170 75} 138} +38 37 1 9 72 77-0361 ‘97304 | 73-0183 
1200, 5-70 ‘ll} -70 49 33-37 | 1236-323 -96788 | 1164-841 100) —-10 33 38 4: 99 85} 102-7308) -97292 | 97-3428 
1400! 4.61 | 02 6 soy 34:39 144301 ||  -o6694 | 1358-303 150} 8-97|  -32 39 4 200 28:10} 154-130 -97269 145-983 
1600} 3-86| 34-99} -81]' a 35-39 | 1650-079 96603 | 1551-619 | 200] -82| -30| 40 Legs el 205-541 97247 | 194-612 
1800 -40/ 98] 85/7 °|| 36.39| 1857-257 || 6514 | 1744-796 | 300 61) 29) 42/4. | 82] 308-390 | -o7a2 | 291-836 
400, 33) -26 44) 0 29-31 | 411-306 -97157 | 389-016 
Stat. 103. 10. August 1910. 60°26’N. 2°34’ W. 159 m. | 500} 739) -l7) 52 E He 87| 514-265 | -a7106 | 486-147 
0! 13-15!) 34-98 | 26-30 rae 26:30 | (0.0000 | 0-97437 0.0000 | 890) 4-75 05 | -76 913 30-62 | 617-290 -97037 | ores 
10| +19) 35-08 43 Resa -48| 10-2639 || -97420 9.7499 | 700 nee 34-86) 91 4148 )| 31-30 | 720-386 -96975 | 680-224 
25 12:25) 22) -73 ee : 25.6639 | -97386 | 24-3533 800 0:10) 89 | 28-03 + 46 | ‘94| 823-548 96915 | 777-169 
50) 9-60! -29) 27-26 +31 | 27. 50, 51-3882 97325 | 48-6920 | 990 al ‘90| 07 is 20. 32.47 | 926:769 | -96869 | 874-061 
75 09 28 34 “ 28 69, 77-0331 | -97307 | 73.0209 | 1000|— -64; 90 -08 ‘97 | 1030-041 -96825 | 970-908 
eS na alt 30 lee 102-7278 || 97289; 97-3453! Stat, 107. 11. August 1910. 61°4’N. 5°5’W. 730m. 
150; -60| -29 | 28-14 154-128 97265 | 145-984 0} 12:0 | 35-28| 26-82 \| 26-82 0.0000 || 0-97388 | 0.0000 
io! 11-92} .27{ -93{t °°] 8} 10.0685|) -97a82 | 9-708 
Stat. 104. 10. August 1910. 60°35’N. 3°20’ W. 234m. 95) 70| 25) .86{ 28) 97] a5.6ro4|)-arara| 24-80 
0| 13-30) 35°21 2651 : i9|| 26:51 0.0000 || 0-97417 0.0000} 50, 9:98)  -25| 27-17 ee 27-41 | 51. 97333 | 48-6835 
10) 12-83 23 l+-1042 ‘67 10-2659 97402 9-7410) 75} +21 -25 30 4.196 65) — 77-0406||-97311 | 73-0139 
25) 16} -26/ -78)_ 1999| 89} 25-6677] 97382 | 24-3497] 100| 8-72] -21| -34 in io ‘81| 102-7339|) -97296 | 97-3397 
50| 9-88} -34) 27-26 4.326 27-50} 51-3476 || -97325 48-6880] 150] 28} -22| -42 Me 130 28-13) 154-132 || -97266 | 145-980 
75 50 “36 | 34 LL. 48 ‘69 77-0375 97307 73-0168} 200, 7-87 -22 48 4a -42| 205-546 |) 97240 | 194-607 
100 34 34 | 35 i" 65| 82} 102-7315 97295 97-3420] 300) 6-83 16 58 29-00 | 308-417 || -97186 | 291-820 
150 15 34| — -38 | 28-09) 154-129 97270 | 145-983 | 400| 5-40 08 Al nee 61! 411-348 ||  -97130 | 388-977 
200 09 34 | 39 pe See 33} 205-540 97248 | 194-613 | 500, 1:85) 34.88 -90 ‘Tee 30:32} 514-345 | -97064 | 486-074 
| 600 0:13) 89) 28:08 eee 97| 617-409 |, 97004} 583-108 
Stat. 105, 10. August 1910, 60°45’N. 3°50’ W. 670m] 72/051! SET 08 ADO ty FOO Sa con eae 
0| 12-75 | 35-17 | 26-59 4401 26:59 Boone | 0-97410 0-000] Stat. 108. 11. August 1910. 61°13’N. 5°47’ W. 249 m. 
10 si ‘17| 63 +1500 68 10-2664)/  -97401 9-746} 0) 11-9 | 35-24) 26:81 4 93/| 26:81 0.0000 || 0.97389 | 0-000 
25| 11-38) -17 85 +1069 -96 25-6687 || -97375 | 24-3487] 10 73 21 -82 4.991 87 10-2684 | -97383 | 9.7386 
50} 9:89) -17} 27-12 540 27:36 51-3228||  -97338 48.6878] 25) -46 20; 86 a a ‘97 25-6723), -97374 24.3453 
75 09) +17 -25 i 561 60 77-0098) -97315 73-0194} 50) 10-54 ‘20 | 27-03 9 || 27-27 51-3503 97346, 48-6853 
100] 821; -17| .a9 ie 86| 102-7031|| 9721 | 97-451] 75| 9:59] -21| -20 ay ee 55| 77-0356) -97320| 73.0185 
150 7-80 | 18 -46 re 62| 28:17) 154-104 | -97263 | 145-984 100 | 8-53 28; 43 re 99 | 90} 102-7288 || 97287 97-3443 
200! 60) -18} .49 -43| 205-519 || -97239 | 194-609 | 150} 7-89] -21| -47|' || 28.18) 154-131 | 97262 | 145-982 
300 09| 17] 56 pe 98 | 308-389 | 97188 | 291-822 | 200) -13| -16| -54 a pet -48| 205-547 || -97233 | 194-605 


48* Table III. Conditions at Standard Depths. [REP. OF THE “MICHAEL SARS” NORTH 
ae 2 — m, Common Metres Liyriainte ibe z Tibiey ee & = mt, Common Methes | Pipa Meee. Re Tae 
Sei die |e > lee ot 2 eee ogee] Set Od erieemle eile go | oo | Ses3. 
BPN Se) baa ines a™ |jas BA | aes 68ag=]25) € | a ja a~ as "| aS | as. | a8aa= 
| | | | 
Stat. 109. 11. August 1910. 61°22’ N. 6°24’ W. 228 m. | 150) 790] 35.18] 27-45)" 15° 2816) 15419 | sree 145.00 
0| 10-85 | 35-17 | 26-95 1. 940| 26-95 0-0000 | 0-97376 | 0.0000} 200} — -43 17 51 ul as | -45| 205-564 -97237 | 194-594 
10 50} -12 -98 4745 27-03 10-2599) -97368 9.7372] 300} 6-45 -09 58 4 P| 29-00} 308-437 || -97186 | 291-805 
25| 9:77 ‘10 | 27-09 ba | -20 25-6767 } 97353 24-3412] 400} 3-93 -00 81 ME all 73) 411-373 ‘97118 | 388-957 
50] 8-90 | 15 27 af 409 | 51 || .97324 48-6758} 500} 1-12} 34-83 -92 137 30-36} 514-378 97060 | 486-046 
75| —-32 | “h6) 37 | ul -72| = 77-0511|| —_-97304 73-0042] 600} 0-19} -91| 28-04 at =| ‘98 | 617-445 ‘97004 | 583-078 
100 29), 15) “a7 ne os *84| 102-7456), . -97293 97-3288 700 |— -27| 91 -07 + 101 31-49) 720-569 | —-96958 | 680-059 
150 | 28 | 16 | 38 Be 73 | 28:09 154-130 97270 | 145-970 | 800|— -52| -90| -07 | -99| 823-743 || -96913| 776-994 
200| 7:95; -14|  -41 | -35} 205-541 || 97246 | 194-599 S ah oes 
Stat. 110. 11. August 1910. 61°39/N. 5°57’ W. 170m. tat. 114. 12. and 13. August 1910. 61°8'N. 3°14’ W. 1047 m. 
0| 11-05 | 35:15 | 2690) | .-|| 2690] 0-0000)/ O-s7a5 | O-oo00 Uae a 26:61 gpallere | pence We eel ae 
10} 10-95] -15| -92 +558 10-2694] -97373 9.7377 10} 11-95} 17} -75 1707] -80| 10-2673); -97390 | 9-796 
25| -53| -16| 27-00 4749 | 27-11] 25-6750) -97361 | 24-3497 25] 10-61} = -18| 27-00 1469 27-11) 25-6717|) -97361 | 24-3458 
50| 9-49 aye) lls] 4509 | 43 51-3568 | 97331 48-6791 . ee gf 2 + 375) 5 Paces | ik eee 
75| 868} -16| -31 4599] 66! 77-0455|| -97310| 73-0092 Oo} 7:77) 17} 46 138 81 77-0486 | ‘97295 | 73-0063 
100] 7-83) 16} 44/7 °°) | 91) 1022002) srr | 97-200 sa iid bed ie rr (sd pees || 
150| 60] -16| +48 | 2819} 154443)" -erner | 1145¢n | 190) AS) ABD RT oy ee) ee eee 
Siat. 141. 12. August 1910, 61°'32°N. 5°16’ W. 300m. |) O82). MS) ggg ee ee 
0) 11-75| 35-19 | 26.80 | gag | 2680| Ot || 087500 | 0.0mm 300; 5-27] 07| -72 4477 29.15 ae | 7172) 291-783 
10 22 SW -88 Caen .93 10-2687 .97377 9.7384| 400) 2:05 | 34-84 -86 +15 -80 ae | 97112} 388-925 
25| 9.84 -16| 27-12 | 27-23)  25:6749|| _-97350 24.3498 | 200) 0-82 85) 95 4+ 50 30-39 | 514-412 | -97057 | 486-009 
50] 8-70 a7 39 + 366 | 56} 51-3599 .97319 48-6764 | 690}  -40 87 | 28-00 + 50 ‘93| 617-478 -97008 | 583-042 
We AT 18 4] Oe | 76 | 77-051 4) 97300 73.0037 | /00|—0-05 89 ‘04 4 34 31-46 | 720-597 -96960 | 680-025 
100! 7.58 16 48 hs all 95 | 102-7479 | 97283 97-8265 800/— -50 89 06 4 90 98 | 823-769 96914 | 776-962 
150) 695) 12) 54 wl 2895] 15453} -orass | Ibe | OOS TE) 8) OB gee ee 
200 45 42 61 ie | 55| 205-573 | 97226 | 194-581 1000)— -85 89) -08 | -97 | 1030-266 | — -96826 | 970-670 
SOD ews ROiy | 12) 0p (29:07, 308-454 97179) 291-783 IStat, 115. 13. and 14. August 1910. 61°0'N. 2°41’ W. 580 m. 
Stat. 112. 12. August 1910. 61°24’N. 4°34'W. 560m. 0} 12-7 | 35-21} 26-63 \| 26-63 0-0000 || 0-97406 0-0000 
O| 11-3 | 35-17 | 26-87 4.734 | 26:87 0-000 | 0)-97383 0-000! 39) 3] 48! -74 oer 76 \.. A@seillie one ofa 
10} 10:90} 17) 94) | 745/99] 10-2603) -o7a72) 97977! 95 19.90) -15| 27.05/' -] 97-16| 25.6r8|| -97a55| 24-9458 
25| -29| -17) 27-05 4.8071 27-16 | 25:6755 | 97357 | 24-343] 50} geo! 14! 31 +104 gg |! seisaee7|l. carey a eae 
50) 9:29) 21| 25 ees) 49 51-3587 | 7336 | 486776] 75| 19) 16) .40 pas ee Re 170| cael’. Ganaite 
oe] 8) fem) S| omy oe) Boel ol vo) a) S| em] om ot 
+ 96] . ene = | 150)) > 52) lO ero || 28-22} 154-146 || -97258 | 145.967 
HA e820 20) ag eel Aen 97259] 145965 | 999) 94) a5) 55|+ 8°], 49] 205.568 || -ovaa2| 194-500 
200; 54) 20 52) 3o|| “46 | 205-586 | 97296] 194-588 | 399) 5.08) .02| -70[* 166) 99.13| 308-45 | -o7174| 291-792 
300/07) 15) 55], gi] 97] 308-47 | erie] 291-80 | 409| p-a9| a487| -6{' || -79| allem || emia] a88a 
400) 629) 12) 63) | 494) 2-53] 411-62 |) -s7ia7 | 388-969 | 509) 095, .86| 98" '??|| 30.40) 514401 |) -s7056| 486-019 
500} 1-09 34-88, -96) | 30-40| 514-359 97056 | 486-060 
Stat. 113. 12. August 1910. 61° 16’N. 3°50’ W. 1080 m.]| Stat. 116. 14. August 1910. 60°52’N. 2° 1’W. 125 m. 
A 11-65 | 35-20 | 26-83 4.570|| 26:83 | 0-0000 | 0-97387 | 0-0000 0| 12-6 | 35-12 | 26:58 ha 510\ a 0-000 | 0.97411 (00000 
10) “30 19| — -88 +076 eas 10-2688 || -97377 | 9:7382 AO} 2007, 16) 63 F 1196 | 68 10-2663, -97401 9.7406 
25| 10-41) +19) 27-05 | 961 27-16) 25-6745 | “97356 | 24-3432] 25 11-94 -25| 81 +1766 | 92) 25-6684 | _ -97379 24-3491 
a 9:00] +19) -29 4354 | 53}  51-3582/) -97322| 48-6779] 50] 9-87 | 83) 27-25 fs 507/| 27-49 51-3485 | ‘97326 | 48-6871 
75 | 8-45) -19| -37 eae ‘72| 77-0489) -97304| 73-0061] 75) -17| 34] 87 ie 1881 72 77-0387 | 97304 | 73-0157 
100; 35 19) 89 ° ||  -86| 102-7487|| 97291 | 97-3304} 100 8-89 | 33 41) || -88 | 102-7338 || -97289 97-3397 


ATLANT. DEEP-SEA EXPED. 1910. VOL. 1] Table IV. buamtalies of ee Volume ete. 49* 


Table IV. Anomalies of : Specific Volume, and of Depth of Isobaric Surfaces. 


Stations 
hale | ©) NR See aot SS Ta Nn a ea O 
P| 105 : ae = Pp 
d-bars | © ©ss,0, p | A. Anomalies of Specific Volume. 10° (@—es5, 0, ,) d-bars 
QO} 97264 || 85) 85] 81) 82) 111 | 77| 85) 90] 87) 109) 99) 132) 291) 139) 140) 165] 0 
10} 99260 || 78) 81) 78| 83| 108 | 76| 84] 88{ 85| 105} 96| 112] 212] 139] 139] 159) 10 
25| 97253 || 78] 81| 80/ 85| 109 | 78] 85| 89| 86| 99] 96| 113] 146] 140} 140] 109] 25 
50| 97242 | 77| 79| 79] 82) 98 | 76] 85] 88| 85] 90| 92] 106] 106{/ 119] 122}— 50] 50 
75| 97930 || 79| 80| 80| 83 73| 86| 89| 86] 90] 92] 99| 99] 114| 117|— 74) 75 
100 97219 || 79| 80| 80] 83 7a) 874° 80-87) 989) 91 | 95 110 | 115] — 81 || 100 
150 g7i97 || | 81] 81| 82 7h a 9: : O)) OO) | 100 | 110| — 84|| 150 
200 97174 84 83| 90] 89| 92| 93 108| — 82 |} 200 
300 97129 87 85; 92| 92| 94] 93 103} — 79 | 300 
400 97084 | 89 86| 94] 93] 94| 92 98| — 76 || 400 
500 97040 | 87 85| 94] 94} 93] 90 | 90 500 
600 96995 | 83 85| 94] 95| 94| 92 77| 600 
700 96951 | 78 | 81| 90] 94] 92] 92 64 700 
800 96907 | 75 | 73) 80)|) 87], "BB | 52 | 800 
900 96863 | | 67; 69} 80| 74 | 46 - 900 
1000 96819 | 60] 63| 73| 68 48 1000 
1200 96732 | 54 60 83 | 1200 
1400 96645 48 55 | | 53 | 1400. - 
1600 96559 51 | 50 || 1600 
1800 96473 47 | | 1800 
2000 96388 44 | | 2000 
d-bars | 10 Ds, 0, p B. Anomalies of Depth of Isobaric Surfaces. 10* (D—D,;, o, ,) dyn.metres Ware 
0 o | o; o 0 0 0 0 Oi 60 0 0| Oo 0| Oo a} 0] o|| o 
10 97262 || 81| 83} 80| 92] 109| 77| 985| 99| 86} 107; 98) 122| 252] 139] 140) 162] 10 
25| 243147 || 198| 204| 198| 208| 272| 192| 211| 221| 214] 260) 241| 290] 520 348 | 348 362|| 25 
50| 486266 || 391} 404] 396| 417| 530| 384 | 423| 442| 426| 498| 476] 564| 834| 671| 675)  436|| 50 
75 | 729356 || 585| 602| 594| 622 | | 575 | 636) 663) 639| 722] 705| 819| 1090| 962| 973] 280] 75 
100 | 972417 || 782| 801) 793 | 829 | 770 | 852| 884) 855 | 945| 933 | 1061 | 1240 | 1263} 86) 100 
150 | 1458457 1203 | 1196 | 1242 1157 | 1278] 1327 | 1288 | 1393] 1388 | 1534 | 1763 | 1825|— 328) 150 
200 1944384 1657 1696 | 1772 | 1725 | 1848| 1848 | 2369|— 745) 200 
300 | 2915899 2512 | 2536 | 2682 | 2625 | 2778| 2778 | 3421 | —1552|| 300 
400 | 3886964 3392 | 3391 | 3609 | 3545 | 3718} 3701 | 4426 | 2330] 400 
500 | 4857584 4272 4246 | 4547 | 4478 | 4650| 4836 5366 500 
600 5827759 5119 5096 | 5487 | 5423 | 5580| 5746 | 6199 | 600 
700 6797489 5922 5923 | 6404 | 6365 | 6508) 6666 6899 | 700 
800 | 7766779 6684 | | 6691 | 7249 | 7265 | 7383) 7474 | 800 
900 | 8735629 7388 | 7989 | 8098 | 8165) | | 7959 | 900 
1000 | 9704039 8021 | 8647 | 8860 | 8870. | 8426 | / 1000 
1200 | 11630549) | 9156 | 10145 | | | 9431 | 1200 
1400 | 13573319 | | / 10171 11.295 | | 10486 | | 1400 
1600 | 15505359 12350 | 11511 1600 
1800 | 17435679 | | 13325 | | 1800 
2000 19364289 | | 14235 | | | 2000 


50* Table IV. Anomalies of Spec. Volume etc. (REP. OF THE “MICHAEL SARS” NORTH 
| Stations 
(198) 20 | 22 | 23 | 258) 26 27 28 29-30 31 | 32 | 33 | 34 | 35 | 38 | 39a | 40 44 
| 
p || % cS Pp 
d-bars | . Anomalies of Specific Volume. 10° (c—« 45, o, a: has 
O|| 132) 150} 184| 168| 162] 175| 155] 159| 166| 154| 166| 179| 153] 156] 184] 214; 190) 174] 163) 0 
10/129) 148| 183 166 163] 178] 155| 157/ 168] 155| 168) 178| 152| 168] 186| 185| 183} 178] 165] 10 
25 || 118| 137] 159] 153] 165| 127] 153| 153| 171| 159] 156] 169] 149| 179] 184] 151| 173| 179] 171] 25 
50 91) 113] 133} 127] 131] 106] 135| 146| 130] 131| 136 121 137| 150] 162} 141} 165| 157) 169] 50 
75) 83) 102) 123! Asi) esos 125| 131| 124) 130] 126] 107! 126] 142) 146) 141) 163} 148| 154) 75 
100 69} 110] 117] 117| 118 121 124] 121) 129) 116)” 104) 117] 139] 140] | 161} 142] 149] 100 
150 | — 66 116} 116] 111 117| 120] 115] 122] 110 [> fae ))) tas 150; 130} 146] 150 
200 || — 79| 114] 114] 109 116] 117] 112] 117 135| 130 140/ 118} 142|| 200 
300 | — 79 103} 106| 108 110/ 109| 110| 109 118 113] 124|| 300 
400 || — 77 99} 105) 107 104) 106| 103} 102 110 112} 119] 400 
500 || — 75 94} 98] 104 103; 96| 97 101 103} 110!) 500 
600 |] — 71 89] 92] 97 97; 90) 92 | 94 95} 102) 600 
700 || — 69) 84) 85] 85 90/ 82| 85 87 | / 87| 94]| 700 
800 | — 66) 80] 79| 77 73| 74| 74 80 | 79| 84/| 800 
900 | — 63 ANA Gt 69| 69 | 74 | 70|  75| 900 
1000 | — 60) 67, 67 | | 66} 63 66. 66} 68) 1000 
1200 | 62) 59 | / 58 | 1200 
1400 | 52 | 52 1400 
1600 | | 49 | | | 48 || 1600 
1800 48 | | 46 | 1809 
2000 47 | ee 42/2000 
p i B. Anomalies of Depth of Isobaric Surfaces. 10* (D—D ;;, 4, ,) dyn.metres. Pp 
d-bars d-bars 
0 0 0) 0 0 Oh Oi 6030). 0) 0, 0 0 ioe 0 0 0 0 0 0 
10 || 131} 149) 183] 167) 163) 177) 155] 158] 167] 155} 167| 178} 152| 162} 185] 200} 186| 176| 164|| 10 
25 || 316] 361] 439] 405) 408] 405] 385| 389| 421| 390] 410} 438] 378| 422| 462| 451| 453| 443| 415] 25 
50 || 576, 673| 804] 755) 778) 695| 744| 762 797) 752) 773) 800) 734 834/ 894] 815) 875} 862) 839| 50 
75 || 793 955) 1123} 1064) 1096 1068/1108) 1114 1078| 1100} 1084) 1062) 1199| 1278] 1167| 1284| 1243| 1242) 75 
100 || 983) 1232) 1423} 1360) 1397 1376 | 1426 | 1421 1401| 1401) 1348) 1365) 1550) 1636 1689} 1605! 1621) 100 
150 || 989 - | 2006) 1943) 1970 1969 2035 2009 | 2028) 1965 | 2242| 2321 2467 | 2284) 2358/ 150 
200 || 626 2581| 2517| 2518 2549 | 2626 | 2575 | 2624 | 2923 2981 | 3190} 2902] 3077) 200 
300 |— 167 3666} 3614| 3601 3674 | 3756 | 3683 | 3754 | 4183 | 4054} 4402) 300 
400 ||— 952 4673| 4667| 4673 4739 | 4829 | 4743 | 4809 | 5326 5179| 5614, 400 
500 |—1717 5636 | 5677) 5723 5869 | 5735 | 5801 6378 | 6252| 6757) 500 
600 | 2452 6551| 6624| 6726 6864 | 6663 | 6741 | 7351 | 7237 | 7812} 600 
700 ||—3154 7416| 7509| 7633 7796 | 7518 | 7621 | 8253 8142| 8787} 700 
800 |—3832 8233! 8327) 8438 8611 | 8295 | 8414 9083 | | 8969} 9672) 800 
900 |—4482 9074} 9176 9010 | 9129 | 9848 | 9714 | 10464 900 
1000 |—5102 9762 9863 9685 9789 10546 | | 10394 11177) 1000 
1200 | | | 11047 | 11118 | | 12427 | 1200 
1400 | 12223 | | | 13522 1400 
1600 | 13228 | | 14522 || 1600 
1800 14198 | | | 15462) 1800 
2000 | (15143 | 16337 | 2000 


ATLANT. DEEP-SEA EXPED. 1910 VOL. I} 


| 
| 


46 |49c | 50 | 51 53 | 57 | 
166| 184) 197] 216| 209; 199| 
168} 183) 198) 216) 211 197 
172) 183} 199] 217! 211| 187] 
164|) 176| 183} 189] 176| 149] 
151| 158} 168] 170] 159| 139] 
148| 151) 4163) 163] 154] 135} 
147| 150] 158] 158] 145] 131 
145} 150) 156] 1571 138] 129 
131} 139] 146] 148] 197] 123 
119| 125| 136] 141] 120] 117 
We} 112) 129/128) 111) 110 
105; 101} 112] 115] 99] 106 
96; 97] 103] 104] 92| 100 
82} 87| 92| 90/ 83] 90 
72\ 75| . 82} 79| 68| 78 
65} 65) 72! 69| 61| 70 
54| 52| 59! 59] 55] 61 
49} 48| 53| 52) 53] 56 
47| 47} 50; 49| 45| 50 
45| 45| 48| 47 45 | 
44 46| 45 
B. Anomalies 
0 Ge a0, = -0la,) 0) “O 
167 183] 197| -216| 210| 198 
422| 457| 495| 540} 526| 485 
841 906; 971) 1048 1009, 904 
1234, 1322) 1410} 1496 1427) 1262 
1608 | 1709} 1823| 1912) 1816| 1604 
2346 | 2460| 2626] 2715) 2561 2266 
3076| 3209] 3409] 3502) 3268 2915 
4456| 4654) 4914) 5027) 4590, 4172 
5703| 5974| 6322| 6472) 5823, 5370 
6851) 7156| 7609] 7817) 6975 6502 
7928| 8216| 8777| $032) 8023, 7577 
8931 | 9204| 9849| 10125) 8978 8602 
9821 10124 | 10819} 11092, 9850. 9547 
10588 | 10934 | 11687 11935, 10600, 10382 
11271 | 11631 | 12457 | 12672, 11240 11120 
12461 | 12796 | 13762 | 13947) 12395. 12430 
13486 | 13796 | 14872 | 15052) 13470. 13595 
14441 | 14741 | 15892 | 16057| 14445 14645 
15361 | 15656 | 16862 | 17012 | 15590 
16246 17792 | 17932 


A. Anomalies 


212 | 
211 | 
208 
174 
151 
141 
133 
129 
124 
117 
119 
104 
97 | 


Stations 


63 


of Specific Volume. 


199 
187 
174 
162 
149 
143 
139 
134 


222 | 
222 
220 | 
218 | 
151 | 
147 
144 
141 


of Depth of Isobaric 


269 
264 
202 
174 
161, 
159 
155 
154 
149 | 
144 
131 
116 
97 
74 
54 
49 
50 
49 
47 
46 
45 


277 | 
263 | 
247 | 
200 | 
173 | 
169 
164 
164 
161 
151 
134 
126 
114 
95 | 


47 | 


Surfaces. 


652 
1211 
1676 
2102) 
2935 
3754 
5376 
6936 
8359 


1085, 
1502 
1902 
2685 
3455 
4968 
6433 
7808 
9040) 9656 
10100) 10854 
10950) 11896 


11588) 12751 
12103 13449 
13093) 14624 
14078, 15659 
15028, 16624 
15953) 17564 


16863) 18504 


Table IV. Anomalies of Spec. Volume ete. 


65 | 66 | %2*,| 68 | 69 | 70 | 70A 
10° (c—«5, 0, p) 
264) 345| 259| 265) 221; 318) 339) 
254| 315] 258] 264] 222/ 312| 327 
239| 263| 257) 263| 220| 258] 279] 
220| 173| 251| 244] 157] 140| 148 
162| 167| 230) 210/ 151| 117] 123] 
157) 125| 214) 184] 145} 107) 111| 
155; 109) 174] 174] 135] 95] 96 
155| 102) 165| 172] 127/ 86| 91 
153| 90} 154] 167] 109] 67 
150|  74| 144] 164| 89] 55] 
144] 71| 123] 156] 70| 47 
134) 54] 98) 137) 55| 44 
121} 49) 87| 118] 52] 43 
102] 46| 73| 94| 49] 42] 
84] 45| 55) 71] 47| 43 
69| 44; 50| 59/ 46| 43 
54 43 52 43 | | 
50| 43 | 45| 43 | | 
49| 44 44 | 
49| 45) | 46 | | 
48 | 
10* (D—D,;, 0, ,) dyn.metres 
0! 0, 0} 0 0) 0 0; 
259| 330/ 258 265} 222) 315) 333 
628, 763 644, 660 553, 742| 787 
1201) 1307, 1278) 1294) 1023, 1238) 1320 
1678, 1731, 1879} 1861) 1406 1558) 1658 
2077, 2095, 2434) 2353) 1776) 1838} 1950 
2856 2680 3403) 3247, 2474 2343/ 2468 
3629 3208 4248) 4110 3128) 2794| 2935 
5167, 4168, 5838) 5800, 4308) 3556 
6679 4988 7323) 7450, 5296) 4166 | 
8149 5660 8655) 9045) 6088 4674, 
9539 6233 9760) 10505) 6711) 5126 | 
10812, 6748, 10685) 11775, 7241) 5559 | 
11922, 7223 11485] 12830! 7741) 5979 
12847, 7678 12123) 13650, 8218 6399 
13609 8120 12645) 14295) 8683) 6826, 
14834 8985 15400) 9573 
15869 9845 16370) 10428 
16854 10715 11293 
17824 11605 12193 
18789 


51* 


100 
150 
200 
300 
400 
500 
600 
700 
800 
900 
1000 
1200 
1400 
1600 
1800 


|} 2000 


52% Table IV. Anomalies of Spec. Volume etc. (REP. OF THE “MICHAEL SARS" NORTH 
] Stations 
| = —- = 
| 72 | 73 | 74 | 76 | 77 | 79 | so | a1 | a2 | s3 | a5 | a6 | 87 | sa] 9 | oo | si | s2 | 93 
| 
Le | A. Anomalies of Specific Volume. 10° (a—e 95, o, »)- ras 
0 | 326] 303) 273] 210| 217| 224) 196] 160| 190] 181| 187| 202) 227| 232) 234| 222) 199} 191; 171] 0 
10 || 323| 288] 269) 199| 208| 199] 195| 156] 186; 183; 184| 195| 224] 228) 233] 219] 197| 192| 170} 10 
25 || 320| 277) 261| 178) 202| 163| 193] 153] 174) 184) 184) 174] 192] 210] 225] 187) 169] 193] 171] 25 
50 || 184] 168] 180) 103} 103} 93] 161) 145| 147) 147, 176} 150] 114) 143) 131| 107) 111] 105) 124] 50 
75 180 163| 81] 86} 78| 117| 136] 134) 111] 137| 130) 111] 195] 114] 102] 96) 97] 89] 75 
100 | 154; 68| 74! 69| 102} 129| 129] 108) 106] 131] 110] 116] 111] 101) 90) 92] 88] 100 
150 | 134] 55| 59| 56| 93/ 118| 117| 103) 104| 118] 107| 107/ 108] 98) 86] 90] 988] 150 
200 | 51 51| 86| 117| 111} 102, 103) 116] 108) 105] 108| 99] 85) 92] 89] 200 
300 | a7| 60} 114] 110, 103) 99} 113] 104] 104} 105] 99] 84} 91) 9211 300 
400 | 41] 51| 113} 107) 94) 96} 109} 104) 104) 100} 99/ 83] 91] 92/400 
500 | 45| 105| 97) 84| 87) 107| 104] 100) 96] 98] 82/ 91] 90] 500 
600 | 42| 94] 84! 75} 76| 100] 101; 94| 93] 99| 81] 88] &89]| 600 
700 | a 4i| s1| 71| 64| 66] 88] 89] 91] 87| 98] -80| 82] 84) 700 
800 bees | 41} 69| 57| 55} 56) 75| 75) 81| 75} 89} 71) 72| 78) 800 
900 | 41| 59} 52) 50) 49 63| 681 68) 651" 80| 63'|) 65] esamnneno 
1000 | 4o/ 52] 48| 48) 46| 55) 61| 50| 58) 70) 56| 58) 66) 1000 
1200 | 40 | 46| 47| 45 52| 54 64| 49] 52| 54|| 1200 
1400 | | 45| 45) 46] 51 54 47 1400 
1600 | 46 44 1600 
1800 | | | | 45 | 1800 
2000 | | | 2000 
p | B. Anomalies of Depth of Isobaric Surfaces. 10* (D—D ,,, 9, ,) dyn.metres. Pp 
d-bars | d-bars 
ol ol oj °ol Sor “Oc a) ol oy oO} 60} oy 0) ea oe oe ogee eee 
10 | 325| 296| 271] 205] 213) 212] 196) 158 | 188. 182 185| 198] 225) 230] 233) 231) 198) 191] 171] 10 
25 | 806| 719| 668| 487| 520) 483] 486] 389| 457| 457| 461| 474) 537| 558| 576 | 525| 472| 479| 426] 25 
50/1435 /1274/1290| 839| 900| 801! 928/ 761 | 857. 869, 911, 878) 919] 999) 1021 | 892) 822| 851 768 | 50 
75 | 1889 1648 | 1069 | 1136| 1015|1275| 1111 | 1207) 1191| 1301, 1239] 1200} 1333] 1327} 1154) 1079 | 1104) 1008) 75 
100 | 2044 | 1255 | 1335 | 1198 | 1548] 1442 | 1534) 1464, 1605) 1576| 1475| 1634| 1607 | 1407) 1311 | 1340) 1229] 100 
150 | 2763 | 1562 1668 | 1511 | 2034| 2060 | 2148) 1991, 2129) 2198) 2016] 2190| 2153 | 1902] 1750 | 1795} 1669) 150 
200 | 1827 | 1778 | 2479 | 2646 | 2718) 2502) 2645) 2782) 2553| 2720) 2692 | 2392| 2176 | 2248| 2111|| 200 
300 | 2315 | 3207 | 3799 | 3821| 3522) 3655) 3925) 3608) 3762) 3752 | 3377| 3021 | 3161| 3014|| 300 
400 | 2750 3759| 4931 | 4903| 4502} 4627 | 5032) 4645| 4797| 4774 | 4362| 3856 | 4068| 3931|| 400 
500 | 4234| 6019 | 5923, 5389) 5537) 6107) 5683) 5812) 5752 | 5342) 4679 | 4973) 4839/ 500 
600 | 4667 | 7014 | 6828 6182) 6347, 7140) 6705) 6780) 6692 | 6322) 5491 | 5866] 5729) 600 
700 | 5079 | 7889 | 7603) 6874) 7055, 8080) 7653) 7705| 7589 | 7302| 6294 | 6713) 6591|| 700 
800 | 5484 | 8639 | 8243) 7469/ 765 8892) 8473) 8565) 8397 | 8234) 7046 | 7481| 7399) 800 
900 | 5889 | 9279 | 8786] 7994) 8190) 9577) 9188) 9307) 9092 | 9077| 7714 | 8163) 8141) 900 
1000 | 6292| 9834 | 9283 8482] 8662 10162) 9830] 9940) 9704 | 9822) 8304 | 8776] 8826] 1000 
1200 | 7092 10223} 9422] 9567) 10960 | 11070 /11152/ 9349 | 9871 | 10026) 1200 
1400 | | 10337 10467, | 11935 | 12115 12327 10856 | 1400 
1600 11242 | |-12830 1600 
1800 | as | 12147 | | 1800 
2000 | | | 2000 


ATLANT. DEEP-SEA EXPED. 1910. VOL. 1.] 


Table IV. Anomalies of Spec. Volume ete. 


Stations 


100 101 | 103 104 105 106 107 108 | 109 110111 | 112 | 113 


124 
122 
121 


91 | 


81 
77 
69 
66 
57 
46 
24 


125 
123 
121 
104 

90 

68 | 
65 | 
59 


10° (a—e35, 0, ») 


112 | 


108 
100 
82 
74 
74 
73 
72 


116 | 
113 
108 | 
89 
80 | 
68 
64 | 


126 
117 
97 
77 
70 
64 | 
58 
52 
50 


119 
112 | 
104 
84 | 


123 | 
117 
103 
80 
74 
72 
67 
63 
57 
34 | 
20 


Surfaces. 10* (D—Ds3;, 0, ,) dyn.metres 


| 


97 98 ~—99 
ae A. Anomalies of Specific Volume. 
-bars 
oj] 183 | 172| 134| 147| 148] 173] 153} 146 | 164 
10 | 170; 166] 131 | 142] 141 | 160] 142] 141 | 157 
95 || 131 | 143| 125} 136 | 121 | 133] 129] 122] 128 
50|/ 79{| 98] 103| 100/ 89] 83] 83] 96] 81 
Tae ieno0 |) 721 86) 84| 77 | 77) 85 | 74 
meta ees.) 6S)| 82) 81! 70-1 76) 72) 73 
150 80 76| 76| 68| 73| 66] 72 
200 78 75.| 74 ae aU 
300 80 72\, 774 59| 73 
400 80 erase 75 49 | 73 
500 79 73 | 75 30 | 66 
600 79 TE | AT 1311943 
700 78 Teen LT 24 
800 76 70 | 72 8 
900 73 66 | 69 6 
1000 | 68 61 | 64 6 
1200 54| 56 
1400 49 | 49 
1600 44 
1800 41 
2000 | oe 
Pp B. Anomalies of Depth of Isobaric 
d-bars 
0 0 0 0 0 ) 0/0 20 0 
10 || 177] 169} 132} 145| 145] 167| 148] 144] 161 
25 || 402| 400] 323| 353] 341| 386| 350; 340] 374 
50 || 665 | 701 | 607| 647| 603) 655| 614| 612) 635 
75 || 857 | 935 | 825] 880] 818] 853| 813| 838| 828 
100 | 1043 | 1153 | 999 1089} 1024) 1036/ 1003) 1035) 1011 
150 1564 1484| 1416] 1381| 1376| 1378) 1373 
200 1959 1862) 1791 | 1743 1703| 1736 
300 2747 2602; 2531 2321 | 2463 
400 3544 | 3332| 3274 2858 | 3191 
500 4339 | 4062 4019 | 3248) 3883 
600 5129 | 4797| 4776 | 3461 | 4421 
700 5914 (5529) 5544 4751 
800 6682 6239) 6286 4911 
900 7422 6917 6991 | 4981 
1000 8122 7552, 7656 | 5041 
1200 8697 8856 
1400 9717 9906 
1600 | 10831 
1800 | | 11676 


0| 
115 | 
280, 
526 
736, 
920. 


1249 


0 


0 
115 
276 
510 
701 

870 
1189 
1498 


{ 


114] 115 
138 | 142 
130 | 131 
108 | 103 
72) 78 
65 | 71 
63 | 67 
58 | 61 
54| 58 
43 | 45 
28 | 28 
17’ | 246 
13 

9 

7 

6 

7 


0; 0 
134 136 
311) 311 
536 538 
707| 723 
867 894 
1186 1213 

M447 1511 

1932 | 2026 
| 2284) 2391 | 

2507 | 2611 

2657 | 

2764 | 

2839 

2899 | 

2959 


116 


147 
141 


126 | 


84 


74 | 


70 


150 
200 
300 
400 
| 500 
| 600 
700 
| 800 

900 

1000 
| 1200 
| 1400 
1600 
1800 
2000 


Table V. Current Measurements. 


[REP. OF THE “MICHAEL SARS“ NORTH 


Table V. Current Measurements. 


Instrument 


Ekman No. 


'| Duration of Ob- 


servation (min.) 
Number of 
Revolutions 


F Velocity | 
Time | cm/sec Mean 
area sha Direction 
Ve 
ues 12/8] to 
LMT | GMT | 3 | S| (true) 
| aolwo 
| | 2 v 
} | 5 | & 
| 


29. April 
11)/ 16h 50m | 17h 
22) 0% 54 
oo : 
41) 16 
| 
5 36 | 
6 45 | 18 
30. April 
7 | 1h 32m{| jh 
2° S45 
Gin Boag i Ad 
10 | 4 38 
6 i es (8) 
12} 15: DO os 
13 30 
14 39 | 6 
555) 6338 
16 29 
17 45 | 7 
ay IST 
19 26 
20 | 50 |. 8 
Die! eS. 
39° 47 | 9 
|G) 46 
24 45 | 10 
25 | 10 21 
26 99 | 
27.4 a8 
of | Be? 4. 1 
29 45 
30 | 5) || 


13m 
28 


39 


Single Directions of Current 


indicated by the Ekman Current-Meter 


(magnetic) 


Ship’s Direction 


(magnetic) 


at Observation 


Begin. 


Middle 


End 


Stat. 18. 29.—30. April 1910. 35° 56’N. 5° 43’ W. 


Magnetic variation 15° W. — All directions are magnetic with the exception of those in column 6 (Mean direction). 
The current measurements on April 29th were made from the /ife-boat, fastened between two grapnels (velocity and mean direction printed 
in italics.) The observations on April 30th were made from the S/S “Michael Sars’, anchored with one anchor (fore) and 660 m. 
of trawl-wire. ; 
Notes on the weather: On April 30th a light breeze was blowing from S70° W in the forenoon, from 12 to 12.30 slightly brisker without 
change in direction, afterward slackening to calm at about 1.30 p.m., at 2 p.m. a very gusty wind began blowing from N 60° E, 
veering to N 5° E at 3 p.m. 


5 metres: 
113 
124 
119| 119| N62E 
123 


154| 154| S28E 
162\ 133) S68E 


9 metres: 
48; 47] N79W 
44| 44) S85W 
31) 30) N68Ww 
20} 20) N30w 
27| 26| N42E 
7) V7ASNG2E 
71| 70) N72E 
81| 81) N74E 
86| 85) N77E 
96| 95| S80E 
100} 99} S87E 
97| 96| N87E 


105} 102} N64E 


| 110) 109) N48E 


111} 109} NS7E 
117| 116 | N32E 
101} 100} N60E 
112} 111} N48E 


99 
97| 97| N53E 
102 
94 | 
92| 91) N73E 


| 


2.0 
2.0 
2.0 
2.0 


2.0 
2.0 


4.0 
2.0 
3.0 


3.0 | 


3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
3.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 
2.0 


590 
648 
642 
647 


788 
818 


515 
235 
243 
158 
209 
573 
567 
653 
688 
769 
805 
780 
842 
887 
895 
633 
542 
602 
480 
506 
523 
522 
479 
471 


wOnNRK DOr NY FN FH — 


No indication. 


[1 N10E; 1 N1OW; 1 N80W; 1 S10E; 1 S40E] 


4 N70E; 9 N30E 


[2 S40E; 1 S30E; 1 S80W; 1 S3UW; 1 N80W;| 
1 N70W; 1 N20W]. 


1 S20W; 1 S10W; 3 S10E; 9 S20E 


1 S; 1 S80E; 3 S50E; 3 S60E; 3 N80E; 1 S20W 


N60W; 5 N70W 

N70W; 4 N80W; 1 W 

N30W; 4 N50OW; 1 N6OW 

N1OW; 1 N20W 

N50E; 2 N70E 

NOE 1a 

N80E; 8 E 

N80E; 10 E; 1 S80E 

N80E; 9 E; 3 S80E 

S60E; 4 S70E; 1 S80E 

S50E; 1 S60E; 6 S70E; 4 S80E; 1 E 
S70E; 7 S80E 

N60E; 4 N70E; 4 N8UVE; 3 E; 2 S80E 
NS50E; 3 N60E; 7 N70E 


1 N50E; 3 N60E; 2 N70E; 6 N80E; 1 E 


6 N40E; 5 N50E; 1 N70E 

1 N60E; 4 N70E; 8 N80E 

10 N60E; 2 N70E; 1 N80E 

No indication 

No indication 

2 N60E; 11 N70E 

[2 S20E; 5 S30E; 4 S40E; 3 S50E] 
No indication 

4 N80E; 8 E; 1 S80E 


S57W 


S58E 
S52E 
$22E 
S1OW 


N87W 
N87W 


N71W 
N70W 
N62W 
N8ow 
N64IW 
N75W 
N78W 
N79W 
N72W 
N60W 
N70W 
N73W 
N69W 
N70W 
N72W 


S72W 


N74W 


') Nos. 1, 2 and 4:—In these cases the magnetic needle of the Instrument Ekman no. 41 did not move freely; therefore the indi- 
cations of direction are of no value. 


ATLANT. DEEP-SEA EXPED. 1910. VOL 1] 


Table V. Current Measurements. 


Time canes Mean  |i<s 6 2 (oe 
a Sees tee Direction || eZ | o = ss ____ Single Directions of Current 
No. 2| 3 fe 22 5 5 22 | indicated by the Ekman Current-Meter 
LMT GMT | §| 5/ (tre) |23|85 5 | (Magnetic) 
62 lag|-*| 

30. April 9 metres: 
31 10h 52m) ]Jh 15m| 91 | 91 NS9E || 31 | 2.0 | 489|8 N70E; 5 N80E 
32 |}11 2,| 25 | 68| 68| S87E | 30 | 2.0 345) 8 S70E; 2 S80E 
33 10 | B30 65 65 | N79E » | 2.0} 330]4 S80E;5E 
34 17 | 40 | 57| 57| S86E | ,, | 20] 289|7 S70E; 1 S80E 
35 DTM ke 47 St 57 S86E oo» 2.0 | 290}1 S60E; 6 S70E; 2 S80E 
36 36 | 59 | 51/ 50| N@4E |, | 21 | 2731 S60E; 6 S80E; 1 N80E 
37 45 19S 45 | 44| N89E || ,, | 2.0 | 227|3 S70E: 4 S80E 
38 56 | 19 | 44| 43| S76E || , | 2.0| 221|1 S5OE; 4 S60E; 2 S70E 
39 |12 3 26 | 47| 47| N86E || , | 2.0| 241|1 S70E; 6 S80E 
40 11 34 | 55 | 55| S75E |, | 2.0] 278|8 S60E 
41 19 42 49 | 49 | S74E 5 2.0 | 247|1 SS0E; 7 S60E 
42 27 50 48 | 48 | S75E th 20) eee, SBOE 
AS | 13) 449") UA 7 362| 352} S46E || 41 | 3.07] 283|2 SI0E; 3 S30E; 1 S50E; 1 S60E 
44 14 51 15 14 50 | 50 S53E | 30 | 3.0 | 382 | 2 S30E; 10 S40E 
Gyo) il Neate al a ayaa) Tale) s7lmeeNGZE: » | 2.5 | 453] 1 S70E; 7 S80E; 5 E 

29. April 20 metres: 
46 17h 31m| 17h 54m| 737 | 730 | N23E || 31 | 1.9 | 667/23 N80E; 8 N40E; 1 N50E 

29. April 40 metres: 
47 17h 49m] 18h 12m| 748 | 147 | N20E || 31 | 2.8 | 1113/8 N80E; 2 N40E; 2 N50E 

30. April 
48 | 5h 39m| 6h Qm/ 84| 84] N82E || 31 | 28] 633|3 E; 9 S80E 
49 | 6 38 | 7 1 | 97| 97] NS7E |, | 28| 730/11 N70E; 2 N80E 
50 7 36 59 99 | 98 | N77E ae || Leese 745 | 1 N80E; 9 E; 4 S80E 
SL) tone 8 25 95 | 95 | N63E Fee lees) 5 4 N70E; 7 N80E; 2 E 
522)i| 10. 0 10 23 N46E sun a7o 1 NSOE; 10 N60E; 2 N70E 
53 18 41 84 | 83 | N67E » | 4.8 |1078|1 N70E; 9 N80E; 4E 
54 i 1 | 14 24 9 9 NI3W | 41 | 4.8] 111)/1 NIOW; 2 N; 1 N20E 

70 metres: | 
55 5h 58m| 6h 21m) 89 | 88 | N52E 31 | 2.7 | 642) 1 N50E; 3 N60E; 8 N70E; 1 NSOE 
Homo o> | 7 18 | 100/100} N&4E | , | 3.2 | 860/11 S80E; 1 E 
57 ental 9 24 93 | 92 | N68E 3» | Ae? L167) 9) NSOE- 3. E 
58 | 10 43 Li 6 38 | 37 | S70E » | 47 | 470|1 S40E; 5 S50E; 6 S60E; 1 S70E 
59%)| 14 15 | 14 38 | [70)) (68]/ [N48W] | 41 | 6.7 | 1217! [4 N20W; 4 N30W; 4 N40W; 2 N50W] 
60% | 1621 16 44 85 | 82 | N78E 30 | 3.7 | 802|2 S60E; 2 S70E; 1 S80E; 2 E; 7 N80E 
150 metres: | | 

61 6h 18m| 6h 41m/ 37 | 37] N62W | 31 | 2.5 243 | 2 N40W; 4 N5OW 
62 7 15 7 38 32 | 32) N8lW ],, | 2.5 210 | 2 N60W; 3 N70W 
63 9 30 9 53 34 | 33 | S79W » | 6.5 | 578|5 N80W; 8 W 


The number of revolutions read off (2203) is therefore of no value. 


1) No. 51:—Salpae were found on the propeller and wing of the Current-meter. 


(magnetic) 


« at Observation 


| 
Ship’s Direction 


Regin. 


N23W 


N60W 


Middle 


N72W 
N76W 
N81W 
- N70W 
N76W 
N76W 
N73W 
N73W 
N71W 
N65W 


N62W 
N25W 
N5W 

S70W 


N65 W 
N67W 
N76W 
N64iW 
N70W 


N77E 

N58W 
N73W 
N69W 
N12W 


N73W 
Noow 
N64IW 


End 


N74W 


N28w 


NSE 


The velocity measured is perhaps too low. 


*) No. 52:—The great messenger did not reach the Current-meter so that the apparatus was hauled up without being arrested. 


was hauled up so that the indication of direction is correct. 
*) No. 59:—During the last two minutes of observation the ship swayed a great deal, due to a heavy wind blowing from N60E. 


All shots had probably fallen into the compass-box before the instrument 


56* Table V. Current Measurements. [REP. OF THE -MICHAEL SARS” NORTH 


Time Velocity | aa ees 
cm/sec | <6 of Ship's Directi 
pit ee Ae Beers Be FR az s=| ss Single Directions of Current ceaanttioy 
No. | ; Zig ‘a | 55) = = ec ‘indicated by the Ekman Current-Meter at Observation 
> jE Ss 
imt | cmt | & | Z| de) |23/25 |38 aba 
Lee oll 51 | 63 | ; Begin. Middle — End 
a 7 7 = 
30. April 175metres: | | 
64 | 11h 6m) 11h 29m) 44) 44) STOW | 31 | 7.0 | 824/7 S8OW; 6 W | N76W N81W 
| | 
200 metres: | 
65'); 1h 57m) 2h 20m| 246| 245| S82W | 31 | 9.2 |6112\ 1 N70W; 7 N80W; 5 W | SS9E S60E 
662), 15 11 | 15 34 | [88]| [88]| S83W || 30 |[12.2]| 2742 11 N80OW; 3 W NOW NSW 
| 
250 metres: | | | | 
67 8h 29m | | 8h 52m be 9| S N79W | 31 | 4.2 | 208)/3 N60W; 2 N70W N78W 
68 11 30 | 11 53 a 63. S75W » | 9-2 |1556);12 W N76W 
| | 
| | 
| ieee | | 
69") gh 4m| 12h 27m 12] 31 | 9.4 280. No indication N73W N71W N65W 


Stat. 19C. 2.—3. May 1910. Ca. 36° 8'N. 4° 25' W. 


Magnetic Variation 15° W.—A\l directions are magnetic with the exception of those in Column 6 (Mean Direction). 
The current measurements were made when the s/s “Michael Sars” was trawling at a fairly constant speed (37 revolutions in the engine). 
Notes on the weather:—at the beginning of the experiments calm weather and smooth sea were experienced; at about 2h 30m a feeble 
breeze from N began blowing. 
2. May | 3. May |5 metres: | 


704) | 23h 50™| Oh 8m) 63 | 61 | N75E_ | 30 | 3.0 | 479 |4 N80E; 9 E; 1 S50E N87E 
| | | | | | 
3. May | 
714)| Oh 35m; Oh 53m} 63 | 63) N74E || , | 3.5 | 561 |2 N80E; 12 E | S81E 
a2 Nd 1 22 | 70 | 69 | S84E ! » | 3.0 | 536 |1 E; 2 S80E; 7 S70E; 3 S60E, 1 S50E S76E S75E 
73 | 48 2 6 | 70 | 69) S87E | , | 3.0 | 537 |1 E; 3 S80E; 6 S70E; 3 S60E | S70E 
74 Py 98) 47, | 52 | 52| N89E_ || , | 4.0 530 | 8 S80E; 5 S70E | S67E S68E 
75 3 14 3 32 | 47 | 46] S83E || , | 3.0 | 355 |1 S80E; 6 S70E; 3 S60E S58E 
| 20 metres: | 
764); Oh 45m) 1h 3m| 45 | 45 | S72E || , | 2.9 | 334 |6 S60E; 3 S50E _S78E S80E 
77 2 39 | 2 57 | 45 | 45| S68E |] , | 2.9 | 330 |3 S60E; 6 S50E _S63E S60E 
| 
40 metres: | | 
784) Qh 55m) 1h 13m| 58 | 58| S62E || , | 3.8 | 565 9 S50E; 4 S40E S75E S75E 
199) 249) 3 7 | 38 | 38 | S45E° || , | 2.8 | 269 |8 S30E S60E S58E 
| 80 metres: | 
804) 1h 16m, ih 34m| 19 | 19 | S4IW | 9 || Def 265 1 S40W; 1 S5OW; 5 S6OW S76E S72E 
814)| 3 4 3 22 |56 | 56|S85W ||, | 5.7 | 809 |13 N80W S65E S60E 


1) No. 65:—The line was strongly deflected towards W. when the Current-meter was lowered to greater depths than 50 metres. 
274 metres of line were let out. ; 

?) No. 66:—The line was strongly deflected (westwards) under the keel of the ship. The large messenger had possibly been held 
by the ship’s side for 3.5 min. so that the duration of the measurement had been 15.7 min and the velocity 68 cm/sec (instead of 12.2 and 
88 resp.) 274 m. of line were let out. 

°) No. 69:—The apparatus had been in contact with the rocky bottom. The wing was bent, and the compass-box torn off; the 
propeller moved much more slowly than usual. The accident took place at the commencement of the observation, and the apparatus was 
free from the bottom shortly afterwards. The hands showing the number of revolutions had the right position in relation to each other but 
had probably moved only after the damage so that the actual velocity was much greater than that calculated. 

4) Nos. 70, 71, 76, 78, 79, 80, 81:—The wire was a little defected forwards (towards E). 


Table V. Current Measurements. 


ATLANT. DEEP-SEA EXPED. 1910, VOL. |] 
. Velocity a) 
vue cm/sec Mean |= Sate °5 Si Directi 
aa oe Direction | 2" | 2 hae _ __ Single Direction of Currents 
No. 2 | z fo |35 E6/2=2 indicated by the Ekman Current-Meter 
LMT | GMT | §| 3/| (te) |22/E8/55 WBE yet) 
a| 3 = (rh) eto 
: = 2S a pace 
3. May 170 metres: 
821) | 1h 35m) 1h 53m) 68 | 68 | N87W | 30 6.5 | 1132) 3 N80W; 10 N70W 
| 
300 metres: 
| | 
83°) | Oh | Oh 27m| 58 | 57 | S86W » | 9.2 | 1351) 13 N80W; IN70W 
84%) 2 11 | 2 29 | 67; 66/ S86W | , | 6.0 | 1023/12 N8OW; 1 N70OW 
8534)| 3 32 . 3 50 | 64 | [62] | [N59W] | » | 6.5 1064 [1 N80W; 5 N50W; 3 N4OW; 2 N20W] 


Magnetic Variation 19° W.—A\\ directions are magnetic with the exception of those in column 6 (Mean direction). 


Stat. 47. 30. May.1910. Ca. 28° 52’ N. 22° 50’ W. 


57* 


Ship’s Direction 
(magnetic) 
at Observation 


Begin. Middle End 

S79E S80E 
S82E E N&88E 
S66E S65E 
S58E S60E S57E 


The current measurements were made from the s/s “Michael Sars” when hauling the trawl. The ship was moving slowly at a fairly constant 
speed till about 17h 30m when the speed was somewhat reduced. This reduced speed was afterwards kept nearly constant during 
the later part of the observations. 

Notes on the weather:—during the experiments a feeble breeze was blowing from NE.—Moderate swell. 


| 30. May 9 metres: 

86 16h 56m) 18h 28m} 40 | 39 

87 feos “el 9e" 6 33 | 32 

88 1B 2 34 34 | 33 

89 ob 20. 93 29 28 
90 metres: 

905) | 17h 7m} 18h 39m} 29 | 29 
|175 metres: 

91°) | 17h 23m| 18h 55m| 4] 4 
| 300 metres: 

927) | 18h 22m | 19h 54m | 47 | 47 

| 


1) No. 82:—The wire was 


2) Nos. 83, 85:—The wire 
5) No. 84:—The wire was 
4) No. 85:—The apparatus 


rection are consequently unreliable. 
°) No. 90:—The line was a little deflected. 
5) No. 91:—The line was deflected (15—20°); 183 m. of line were let out. 
*) No. 92:—The line was strongly deflected (up to 40—45°); 366 m. of line were let out. 


| 
| 


| 
| 


N 3W | 30) 3.0) 304) N; 4 NIOE; 3 N30E 
N34W | , | 3.0} 251|/2.N; 2 NIOW; 1 N20W; 1 N5oW 
N33W | , | 3.0 | 255/2 N; 2 NIOW; 1 N20W; 2 N30W 


N83W | , | 3. 


|| 
N3sw | , | 37 
N39w | , | 49 
Naew- || , | 


216|1 N40W; 1 N60W; 2 N70W; 1 N80W 


275|2 NIOW; 5 N20W; 1 N30Ww 


ca.910| 1 NIOW; 11 N20W; 1 N30w 


3.9 4693 N20W; 9 N30W 


a little deflected towards W. 
was deflected about 30° towards W. 366 m. of line were let out. 
deflected astern and a little away from the ship (towards W). 


SIOE 
$29E 
$32E 
S62E 


SIIE 


SIE 


S31E 


was tipped when taken in so that the shots were to some extent scattered, and the indications of di- 


58 * Table V. Current Measurements. (REP. OF THE “MICHAEL SARS” NORTH 
| : Velocity ae | lant 
| Time cmisec | Mean ls ar ze) 2 ip Ship’s Direction 
piel ——| nirection || 2= | P| B= | Single Directions of Current (magnetic) 
No. | z 3 ‘o EE 5 é £2 | indicated by the Ekman Current-Meter at Observation 
tmt | GMT | §/ 2 | (true) JBE/S2| 55 | terete) 
| | 2\ 38 | 63 i * | Pret i): « i Begin. Middle End 
"7 ri 1 OT Sa te eer ibe : 
Stat. 49C. 1i1.—2. June 1910. 29°2'N, 25° 30’ W. 


Magnetic variation 19° W.—AII| directions are magnetic with the exception of those in column 6 (Mean direction). 
The current measurements were made from the s/s “Michae; Sars” when the ship was drifting with a big plankton-net (3 m. diameter), 


suspended by the trawl-wire at a depth of 1000 metres. 


The propeller of the ship was not moved. 


Notes on the weather:—Before midnight (1. June) a feeble breeze was blowing from N. Afterwards calm. 


93 
94 


95 
96 
97 
98 
99 
100 
101 
102 
103 
104 
105 
106 
107 


1081) 
109 
110 
11 
112 
113 
114 
115 
116 
117 
118 
119 
120 
121 
122 
123 
124 
125 
126 
127 
128 


1. June 
| 29h 1]m| 23h 53m | 
| I. June | 2. June 
22h 26m Qh 8m | 
S60 a > 28 
43 25 
50 32 | 
| 58 | 40. | 
| 23: ay. 46 
13 55 
[OMe es 
27 9 
38 20 
45 27 
52 34 
58 40 
2, June 
Oh 5m| 1h 47m| 
12 54 | 
iki ee | 
30 12 
42 24 
48 30 
54) 36 
lee 43 
i 49 
14 56 
Dpinieet 2 
28 10 
33 15 
48 30 
. : 
55 37 
2 3 45 
10 52 
1) a 7B 
36 18 | 
43 25 


9 metres: 
18 | 18 
18 | 

19 | 

19 | 18 
19 | 19 
19 | 19 
18 | 18 
19 | 19 
18\| 18 
20 | 19 
19 | 19 
15 | 15 
15 | 14 
25a ale 
14| 14 
14| 13 
te 
not |} ab 
1) ie 
1g¢| 12 
TSE 
ik ae 
10 | 10 
133\ 12 
Mon 
11 | 10 
10 10 
jt at 
eee G4 
12 | 12 
ie) Lith 
(2a) ap 
13 | 13 
12M 2 
13.| 18 
OAS 29) 


N49W 
|| 41 


N44w 
N52W 
N41W | 
N4IW 
N45W 
N49W 
N31W 
N41W | 
N26W 
N36W | 
N34w 
N34W | 


| N29W 
| N22W 
N39W | 
| N4OW 
N44w 
N44w | 
| N44W 
| N39W 
| N46W 
N59W 
| N62W 
N74W 
N74W || 
| N69W 
N66W 
N66W | 
| N6e2w | 
| N56W | , 
| Naw | . 
| N29W | 
N54W | 


|| » 


| 30- 


3.0 


3.0 
3.0 
3.0 
3.0 
6.0 
3.0 
4.0 
3.0 


3.5 
4.0 
3.0 


3.0 | 


3.0 | 


3.0 | 


| 
| 


138 
138 


145 


142 | 


145 
145 
140 
300 
140 


200 | 
145 | 
117 | 


130 
152 


105 | 


103 
100 
| 109 
360 

95 


/1 N20W: 1 N30W; 1 N4OW 


S66W 
No indication. 3 
| No indication. S65W 
J N; 2 N30W; 1 N40W S63W 
| N20W; 1 N30W; 2 N4OW S64W 
/1 N1OW; 1 N20W; 2 N30W S61W 
4 N20W; 1 N30W S62W 
4 N20W: 5 N30W S67W 
1 N20W; 2 N30W; 1 N40OW S69W 
'2N; 1 NIOW; 3 N20W S68W N85W 
1 N; 1 N20W; 3 N30W | N82W N72W 
'1N; 2 NIOW N82W S88W 
(2 NIOW; 1 N20W; 1 N30w W 
/3 N1OW; 1 N3I0W W 
(2 NIOW; 2 N20W S79W 
1 N; 1 NIOW; 1 N20W S73W 
|\2 N; 1 N1IOW S88W 
3 N20W S76W 
2 NIOW; 5 N20W; 3 N30W | S74W S75W 
2 N20W; 2 N30W . S74W 
1 N20W; 1 N30W S59W 
3 N20W; 1 N4ow S74W 
1 NIOW; 1 N30W S75W 
1 N20W; 2 N30W _S73W S51W 
1 N30W; 1 Nsow S45W 
1 N30W; 1 N4OW; 1 N6OW S48W 
1 N50W; 1 N60W S37W 
1 N4OW; 1 N50W; 1 N60W; 1 N70W S34W 
1 N40W; 1 N50W; 1 NGOW ~S54W S50W 
1 N4OW; 2 N50W x 
2 N4OW; 1 N6eOW | S53W 
2 N40W; 1 N5ow S52W S57W 
1 N30W; 2 N4oW | S6OW S61W 
15 N20W; 5 N30W S63 S72W 
4 NIOW S69W S67W 
/1 N30W; 1 N40W | S58W 


') No. 108:—The duration of the observation had possibly been 4 min. instead of 3 min. (velocity 10 cm/see instead of 14). 


ATLANT. DEEP-SEA EXPED. 1910. VOL 1. 


Table V. Current Measurements. 


} 
Velocity | 
cm/sec 


Mean 


Direction 


to 
(true) 


Time 
No. 
| LMT 
| 
2. June 
129 Qh 5]m 
130 57 
131 By Oe, 
132 9 
133 17 
134 25 
135 33 
136 39 
137 46 
138 58 
139 4 12 
140 25 
141 40 
142 54 
143 ae 8) 
144 20 
145 34 
146 2: pl 
147 | ” 
148 2h 23m 
1. June 
149 | 22h 27m 
2. June 
150 2h 2m 
151 2h 43m 
1. June 
152 | 22h 46m 
2. June 
153 3h 5m 
154 Oh 39m 
155 3 32 
156 ]h 9m 
1574); 4° 11 
1. June 
158 | 23h 42m 
2. June 
159 5h J]m 
1) No. 


10 


NNOANENBRHR OM OO WO 


— bs 
pA pe 


46 metres: 


10 


91 metres: 


3 


5 


etres: 


6 


etres: 


5 


13 


etres: 


3 
13 


914 metres: 


7 
7 


1829 metres: 


1 


10 | 10 


N44W 
N39W 
N49W 
N44W 
N44W 
N66W 
N49W 
N64W 
N49W 
N30W 
N56W 
N55W 
N19W 
N3lE 

N44E 

N41E 

N41W 
N33W 
N22W 


N48W 


N69W 


S14W 


S24W 


N21W 


S70W 


N89W 
S85W 


N12W 
N52W 


N14W 


N58W 


| 
| 
| 


| 


Instrument 


Ekman No. 


30 


| 30 | 


30 


30 


” 


Duration of Ob- 
(min.) 
Number of 
Revolutions 


|| servation 


| 
ij 


110 


103 


82 


313 


85 
277 


227 
274 


125 


373 


Single Directions of Current 
indicated by the Ekman Current-Meter 
(magnetic) 


N20W; 1 N30w 

N1OW; 1 N20W; 1 N30W 

N20W; 1 N4OW 

N20W; 1 N30W 

N20W; 2 N30W 

N40W; 2 N50W 

N30Ww 

N40W; 1 N5OW 

N20W; 2 N40W 

NI0E; 1 N1IOW; 1 N20W; IN30W 
N20W; 1 N40W; 1 N5OW 
N30W; 3 N4OW 

N 

N40E; 2 N50E; 1 N70E 

N60E; 1 N70E 

N60E 

N; 1 NIOW; 5 N20W; 3 N30W; 1 N4OW 
N; 3 NIOW; 4 N20W 

N1OW; 2 N; 2 NIOE 


[oo > 


CS oT to Ss] 


2 NIOW; 1 N20W; 2 N30W; 4 N4OW 


1 N5OW 


2 S80W; 1 S4OW 


2 S40W; 1 S5SOW 


2 S40W 


8 W; 1 S80W 


1 N50W; 1 N70W; 1 W 
4 N70W; 5 N80W 


2N; 4 NIOE 
1 N20W; 4 N380W; 3 N4OW 


3 N; 1 N20E 


2 N30W; 8 N40W; 1 N5OW 


157:—The duration of the observation had possibly been 15.7 min. instead of 16.7 min. 


Middle 


S84W 


S70W 


STOW 


S65W 


S52W 


S84W 


S75W 


Ship’s Direction 
(magnetic) 
at Observation 


End 


S64W 
S80W 
S74W 


S82W 
N82W 
S82W 
N&8w 
N77W 
N70W 
N73W 
S8OW 
N62W 


” 


S72W 


S57W 


S58W 


S61W 


60* Table V. Current Measurements. [REP. OF THE “MICHAEL SARS" NORTH 
{| = | 
: Velocity | |e ae, 

| pine cm/sec Mean |lzs ae S g | f ae Ship's Direction 

— Direction || e= lOsea| ares | Single Directions of Current (magnetic) 
No. | o/| 3 os £2) 58|22 | indicated by the Ekman Current-Meter at Ohecnean 
mT | GMT | 5] 21 (ue) |ee(eel 55 | (magnetic) 

Bons “A Se | aa 

| ome | |as Begin. Middle End 


The current measurements were made from the s/s “Michael Sars”, anchored (fore) with the trawl-wire. 
with 3200 m. of wire out when the trawl (or wire) fastened to the bottom. The wire was fixed fore. 


Stat. 58. 12. June 1910. 37°37'N. 29° 25' W. 


Magnetic variation 23° W.—All directions are magnetic with the exception of those in column 6 (Mean direction). 


The ship had been trawling 
When the current measure- 


ments were finished the wire was hauled in but broke so that only 1750 metres were secured. The ship had in all probability 
been moored with this length of the wire during the whole time. 


Notes on the weather:—At the beginning a very feeble, but slowly increasing breeze was blowing (from SW). 


The following observations 


were made with the anemometer:—at 2h 40m velocity 3.6 m/sec, direction S60°W; at 5» 30m 4.7 m/sec, S40°W; at 11h 30m 
3.7 m/sec, S45°W. 


72. June 


160 ]h 


192-49 


4m 
18 
32 


51 


34 


3h 


10 


11 


9m 


” 


16 
30 


49 


'9 metres: 

23 | 23 | N 5E 
24| 24| N4E 
27 | 26| N27E 
34 | 32] N56E 
26 | 24 | N33E 
26 | 25 | NQ3E 
27 | 26| N30E 
32 | 29| N42E 
32 | 30| N66E 
98 | 27| N5IE 
97 | 26| NS5E 
95 | 25 | N71E 
26 | 26 | N89E 
26 | 26 E 

31 | 31 | S73E 
36 | 36 | S61E 
38 | 38 | S52E 
38 | 38 | S45E 
32 | 31 | S47E 
32 | 32| S43E 
37 | 37 | S46E 
30 | 30) S50E 
97 | 27 | S42E 
24 | 23 | S20E 
26 | 25| Sl1W 
26 | 26| S6W 
24 | 24| S2E 

24 | 24| S6w 
25 | 25| S6E 

22 | 22| SOE 

92| 22| SIE 

21 | 21| si9w 
25! 24 | S13W 


” 


_ 


COONDOMOHRINANAADA 
n 


on 


_ 
oor SN 
nr 


291 
309 
315 
618 


696 


403 
653 
816 
1260 


896 
412 
390 
463 
474 
509 
563 
1030 


498 | 
747 | 


625 


872 | 


620 
557 
728 


697 | 


264 


535 | 


565 
424 
170 
200 
164 


2 N20E; 7 N30E 
1 N10OE; 3 N20E; 4 N30E; 1 N50E 
4 N40E; 2 N50E; 1 N60E; 1 N80E 
i N30E; 1 N60E; 4 N70E; 1 N80E; 2 E; 
2 S80E; 1 S60E 


2 N30E; 2 N40E; 4 NSOE; 2 N60E; 2 N70E; 
1 N80E; 1 S80E 


3 N30E; 4 N40E; 1 NSOE; 1 N60E; 1 N70E; 1 N80E 
3 N40E; 4 N50E; 3 N60E; 2 N70E 
1 N30E; 3 N40E; 4 N60E; 1 N70E; 2 N80E; 2 S70E 


1 N50E; 3 N70E; 1 N80E; 2 E; 2 S80E; 1 S70E; 
2 S60E 


2 N50E; 1 N60E¥ 3 N70E; 2 N80E; 2 E; 1 S80E 
1 N60E; 5 N70E; 2 N80E; 2 E; 1 S70E 
1 N80E; 3 E; 4 S80E 
5 S60E; 6 S70E; 2 S80E 
1 S50E; 3 S60E; 5 S70E; 2 S80E 
3 S40E; 5 S50E; 3 S60E 
4 S30E; 5 S40E; 1 S60E 
3 S20E; 4 S30E; 2 S40E 
1 SI0E; 5 S20E; 3 S30E 
153 Ses20E2 53 o40E 
2 S10E; 5 S20E; 2 S30E 
1’ 'S} 1 SIOE; 6 S20E;5 S30E310S40E 
1 SI0E; 5 S20E; 5 S30E; 3 S40E 
4 SIOE; 5 S20E; 5 S30E 
2 S20W; 4 S10W; 5 S; 2 SIOE; 1 S20E 
1 S10W; 4 S20W; 4 S30W; 1 S40W; 3 SSOW; 1 SSOW 
2 S20W; 4 S30W; 1 S40W 
1 SI0OW; 11 S20W; 2 S30W 
S10W; 5 S20W; 5 S30W; 2 S40W; 1 S60W 
S; 3 S10OW; 6 S20W; 1 S40W 


1 
1 

14 SLOW; 1 S30W 
1 


S10W; 3 S20W; 2 S30W 
1 S30W; 3 S40W; 1 S6OW 


190| 3 S30W; 1 S4OW; 1 S5OW 


1) No. 169:—The duration of the observation had possibly been 13.5 min instead of 12.5 min. 


S52W 
S52W 
S56W 


S65W 


S65W 
S61W 
S69W 
S72W 


S81W 


N59E 


N60W 


N60W 
N43W 
N49W 
N42W 
N42W 
N52W 


S84Ww 
S86W 
N8oWw 


N75W 
N62W 


N64W 
N65W 


N60W 
N62W 


N70W 
N69W 
N52W 
NS8W 


S58W 


S6OW 


SsoWw 


S68W 
S80w 


S81W 
S81W 


N80w 


N52W 
N56W 


N64W 


N66W 
N48W 
N54W 
N48W 
N48W 
N57W 
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Table V. Current Measurements. 
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Time Velocity ae pated en 

(pubis See Ee Ise ae _ _ Single Directions of Current 

No. | 3 z iS \28\/55|22 indicated by the Ekman Current-Meter 
imr | GMT | 5| 2 | (tue) [25 (E85 | 35 maprelte) 
EW sy Se ae 
ey A Aes |QAG 
12. June 9 metres: | 

193 | 9h 14m} 11h 12m| 24) 24] SI7W || 41 | 3 | 189 |2 S30W; 2 S40W; 2 SSOW 
194 28 2% | 18| 18| S3E |,, | 3 | 136 |1 S1OW; 2 S20W; 1 S30W 
195 36 Same etejediell SI3b,  .) 3 80 | 1 SLOW 
196 45 43 | 23| 22| ssiw | , | 3 | 176 |2 S60W; 1 S70W; 1 S80W; 1 N80W 
197 52 50 | 22] 21] se2w ji , | 3 | 169|1 S6OW; 1 S8OW; 3 W; 1 N8OW 
198 59 57 | 21] 21| Ss4w || , | 3 | 162 |2 S70W; 1 S8OW; 1 W 
HOO) 6) | 12.4 6| 6| s4sw ||, | 3 | 4611 S20E; 1 S30E 
200 14 12 31) 3|| S83E Sl ie) 18 | 1 S60E 
201 20 18 2 = 3 15 | No indication. 
202 oT 25 | 14] 14] ssow || , | 5 | 175 |2 S70W; 2 S80W; 1 W; 1 N80W 
203 37 35 | 14| 14] ssiw || , | 5 | 180 ]1 S60W; 2 S7OW; 1 S8OW; 1 W 
204 47 45 | 13] 12} N86w || , | 5 | 169]1 S5SOW; 2 N30W 
205 54 52 | 15| 15| Ssiw || , | 5 | 194/1 N6éOW; 1 N70W; 1 S8OW 
2066 111 12 |13 10 | 25/ 24] s7ow || , | 5 | 324 |2S70W; 2S80W; 1W; 2N80W; 2N70W; 1 N6OW 
207 21 19 | 20| 20/ N6GE || , | 5 | 261 |1 NIOE; 6 N80E; 1 N40E 
208 30 28 | 17/ 16| N4ow | , | 5 | 210 |2 N20W; 5 N30w 
209 39 37 | 11| 11 | N58sWw |] , | 5 | 140 /2 N3I0W; 2 N4oOW 
210 46 44 | 10] 10| Nesw || , | 5 | 120 |2 N40W; 2 N5OW 
211 55 53 | 17| 17| N58W 5 | 214 |3 N30W; 3 N4OW 
PVE) ASO) UR aa 15 | 15| N6ow ] , | 5 | 190 }1 N20W; 1 N30W; 3 N40W; 1 N5OW 
213 11 9 | 12] 12} N5swi) , | 5 | 157 |2 N30W; 2 N4ow 
214 19 17 | 21| 20| N46w |] , | 5 | 274/2.N; 4 N20W; 1 N40W; IN6OW 
215 28 26 8| 8] N5OW | , | 5 | 100|1 N20W; 2 N3I0W 
216 39 37 | 12) 12) N2oWw |) , | 12 | 3741 N20E;1NI0E; 4N; 2N10W; 1 N20W; 2N30W 
217 54 52 9) 9| NI3W || 7| 5 | 66]|1 NIOE 
else is 515, 3 6| 6| N3w]|, | 5 | 43/1 N20E 
219 - s Gol) (GONE ZE) 40) 5 70 | 1 N20E; 1 N40E 
220 15 13 TAA TaleeNGSWe les eto: |e SOubsuNLOW: 
221 24 22 8| 8] N36EW |, | 5 | 96 |2 N1OW; 1 N20W 
222 33 31 1? ilies 4 | No indication. 
223 44 42 5| 5 |: S33E , | 10 | 125 |1 S20W; 1 S20E; 1 S30E 
224 57 55 6| 5| NS2E ||, | 7 | 961 S70E; 1 S80E; 1 N80E; 1 N10E 
225 |14 10 |16 8 | 15| 15] N59E || , | 7 | 270 |2 S80E; 2 E; 2 N80E; 1 N70E; 1 NS0E 
226 21 19 | 11| 11] N7IE || , | 5 | 140|1 S70E; 2 S80E; 1 E; 1 N70E 
227 30 98 | 14| 14] NSIE || , | 5.5] 195 |1 N60E; 2 N70E; 1 N80E; 1 E 
228 40 38 | 12] 12] NSIE || , | 5 | 1551/1 N60E; 1 N70E; 3 N80E 
229 47 45 | 13| 13| N47E || , | 5 | 165 |2 N60E; 1 N70E; 2 N80E 
230 - » | 131 12| N42E || 7] 5 | 94]|1 NS5OE; 1 N80E 

46 metres: 
231 1h 23m} 3h 2im| 15} 15 | N83E || 30| 8.3] 307 |5 NSOE; 3 N60E; 1 N70E 
D398 |) 40741 SOOM eal 2h | S41E » | 12.5| 648 |3 SIOE; 11 S20E 
233 | 8 1 | 9 59 | 22] 22] S3lW || , | 11.0] 603 |9 SSOW; 5 S6OW 
234 | 11 18 | 13 16 | 26/ 23] N3IW |, | 9.8] 666 | 1 N6OW; 1 N40W; 1 N20W; 1 NIOW; 6N; 3N10E 


Begin. 


S54W 


S58W 
N75W 


Ship’s Direction 
(magnetic) 
at Observation 


End 


Middle 


S51W 


S65W 
No2W 


62* Table V. Current Measurements. [REP. OF THE “MICHAEL SARS” NORTH 
Time Neloey. 62 peal 22> 5 . 
eae BS eee Peas is Bz sé cs _ Single Directions of Current ships Dees 
No. | | 2 z fa |28 5 s 23 indicated by Uaeatin Current-Meter at Observation 
LMT | GMT 3 = (true) REF] Ss S Ze g 
2B Ss A od Begin. Middle End 
12. June 91 metres 

235 1h 43m) 3h 4im| 14] 14] NI7W || 30} 9.9] 350)5 N; 3 NIOE; 1 N20E S63W S61W 
236 oD 16 qerA 13 |) 125)""S65E » | 14.0} 430}1 S20E; 1 S30E; 5 S40E; 5 S50E N59W N52W 
237 8 21 10 19 14} 14|) S64W rae 210) 422 | 1 S70W; 6 S8OW; 3 W; N80W; 1 N6OW 
238 | 11 37 | 13 35 6| 6] N40oW ||, 9.7| 138) 1 NIOW; 2 N20W 

183 metres 
239 9h 11m} 4h gm| 13| 13 N63E_ | 30 | 16.0) 531|1 N70E; 5 N80E; 9 E; 1 S80E S61W S69W 
2404) | 5 NSO 28 17 | 17 | S89E » | 12.0} 501|8 SI10E; 4 S20E; 2 S30E N56W N64W 
241 Sr Si 10) 559 4] 20 G20 S22 > | 36.0| 1912/6 SIOW; 7 SSOW 
PAD Welz alien 140 o's 15 | 15 | N74W || ,, | 10.0} 3838/1 N30W; 1 N40W; 6 N5OW; 4 N60W 

274 metres: 
243 11h 56m] 13h 54m| 12] 12 |} N52W || 30 | 11.8) 348}3 N20W; 5 N30W; 2 N4OW 

320 metres: 
244 6h Om! 7h 68m) 13 | 13] S59E 30 | 16.8; 545/6 S30E; 8 S40E N60W N6IW 
245 9 36 | 11 34 11] 11 | S48E » | 11.2) 307]1 SIOW; 2 S; 1 S20E; 1 S30E; 3 S40E 

457 metres: 
246 Qh 48m/ 4h 46m); 9 | 9 | S84W | 30 | 18.2; 385)3 N60W; 4 N70W; 1 N80W; 1 W; 1 S8OW S72W S81W 
2471)| 6 38 8 36 9| 9] N58E » | 13.0] 266|3 N70E; 4 N80E | N62W N60W 
PA8ie | LOK Tel l2, wo 11 S76E » | 13.8] 351)1 S70W; 1 SLOW;.1 S40E; 1 S60E; 1 S70E; 

1 S80E; 4 E 

249 | 13 30 | 15 28 d 3 | S77W 7| 21.7) 97)1 N50W; 1 S70OW 

732 metres: 
250 3h 40m} 5h 38m] 17] 17 | S 2W |) 30 | 25.6| 1068/3 SIOW; 3 S20W; 8 S30W; 1 S40W S81W S86W. 
251 ils oy ul 9°) 29 Ww » | 12.6] 287)2 N50W; 2 N60W; 2 N80W; 1 W; (1 S) N48W N49W 
252 | 10 50 | 12 48 5] 5| N22E » | 12.3} 143]}(1 N60W); 2 N40E; 2 N50E 
203) felt 7 16) 15 6| 6] SS0E » | 20.3} 2938/1 SIOW; 2 S20E; 2 S40E; 1 S50E 


') Nos. 240 and 247: The line was a little deflected (under the ship). 
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BATHYMETRICAL CHART. 
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CURVES FOR STATS 18—27. 
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CURVES FOR STATS. 28—40. 
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CURVES FOR STATS. 44 AND 50. 
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CURVES FOR STATS. 57, 58 AND 63. 
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CORRELATION TEMPERATURE-SALINITY. 
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ATLANT. DEEP-SEA EXPED. 1910. VOL. 1] CURRENT MEASUREMENTS. 101° 


30 April /9/0 
OLMT.7 


STAT. 18 


CURRENT MEASUREMENTS. 


, 12 JUNE 1910 
OLMT 1 2 3 4 5 6 Z 8 9 10 UW 12 13 14 5 no 
40 


STAT. 58 


SMITHSONIAN INSTITUTION LIBRARIES 


iii III 


